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Mass spectrometry (MS) has become a widely used technique for the characterization of
a wide range of substances in diverse fields. The selection of appropriate ionization techniques,
source parameters, charge carriers based on the analyte’s polarity is essential in MS as only the
ions are detected. When using a soft ionization technique, single stage-MS at best provides only
chemical composition; thus, tandem MS is needed to determine structural information and
dissociation pathways. This dissertation focuses on the characterization of various small
molecules and ions using different ionization techniques, charge carriers, and collision-induced
dissociation (CID).
In Chapter II, commercially available ionic liquid (IL) cations, specifically imidazoliumbased IL cations with different side-chain chemistries, were characterized by CID-MS. The
imidazolium-based IL cations have diverse dissociations pathways depending on the nature of
the side chain (aliphatic or aromatic) or the functional groups (allyl, vinyl, alcohol, methoxy,
nitro) present on the side chain. Additionally, it was observed that some IL cations undergo
thermal degradation under normal operating temperatures of electrospray ~275 °C. A variety of
experimental and complementary computational chemistry results are presented.

In Chapter III, cis-3-hydroxyproline (c3hPro) and cis-4-hydroxyproline (c4hPro) isomers
were differentiated upon lithiation using CID-MS. The CID-MS of [c4hPro+Li]+ produces three
primary fragmentation pathways, namely the neutral losses of H2O, CO, and CO2; whereas CIDMS of [c3hPro+Li]+ produces only loss of CO2 in this same region. These observations may have
analytical utility, and in this work, the experimental observations were explored with
thermodynamic and transition state calculations to better understand the processes.
In Chapter IV, the accurate mass of synthetic monomers including PAH
perfluorocycloalkene monomers and their precursors were measured and reported with a
publication-quality mass accuracy using atmospheric pressure chemical ionization (APCI)-MS.
Additionally, the effect of solution flow rate, ionization mode, source parameters (such as
vaporization temperature, dry gas temperature and dry gas flow rate, nebulizer gas pressure),
acidification, and different solvent systems on APCI-MS signal intensity were studied.
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CHAPTER I
BACKGROUND ON MASS SPECTROMETRY
1.1
1.1.1

Mass spectrometry overview
Basics of mass spectrometry
Mass spectrometry (MS) has become a widely used characterization technique in diverse

fields including, organic,1-4 inorganic,5-8 forensic,9-12 analytical,13-14 and biological chemistry.15-17
In MS, charged species are detected depending on their mass-to-charge ratio (m/z) to provide
information on chemical composition18 of a wide range of substances including isotopes,19-20
synthetic organic molecules,21-23 synthetic polymers,24-25 biomolecules,26-27 and biopolymers.28-29
MS is amenable to coupling with separation techniques, including, gas chromatography,30-31
liquid chromatography,32-33 electrophoresis,34-35 and ion mobility spectrometry36-38 to analyze
more complex chemical mixtures. In general, single-stage mass spectrometry (using a soft
ionization method) alone cannot provide structural information of chemicals, but tandem mass
spectrometry (see Figure 1.1.2) may be implemented to gain some structural insights.
A typical mass spectrometer consists of, at minimum, a sample inlet, an ionization source
coupled to a sample inlet, a mass analyzer, a detector, and a data processing system. The block
diagram showing the basic components of a mass spectrometer is shown in Figure 1.1.
Depending on the physical state of the sample, an appropriate inlet (e.g., target plate for matrixassisted laser desorption ionization-MALDI, syringe for electrospray ionization-ESI) is selected.
In the ionization source, gas-phase ions are produced and then accelerated towards the mass
1

analyzer. In the mass analyzer, the ions are separated (or filtered) depending on their m/z and
then the ions are detected by the detector. The data system produces a mass spectrum of ion
intensity versus m/z. In general, the mass analyzer and the detector are kept under vacuum,
whereas the sample inlet and ionization source may or may not be under vacuum. In the work
presented herein, the ionization sources are kept in atmospheric pressure (both ESI and
atmospheric pressure chemical ionization-APCI). Additional components such as ion optics
(lenses), ion guides, or ion traps may be used to guide or store ions within a mass spectrometer.

Figure 1.1
1.1.2

Basic components of a mass spectrometer

Tandem mass spectrometry
Mass spectrometry alone provides only the m/z of the intact precursor (unless

fragmentation occurs in the source) from which (accurate) mass can be calculated and the
chemical composition/molecular formula can be inferred, given sufficient mass accuracy. Given
a specific molecular formula, a molecular system can have different structures (isomers). To
access structural information, further dimensions of analysis, such as gas-phase dissociation
reactions of selected precursors (tandem mass spectrometry) can be performed in instruments
having an ion trap or multiple mass analyzers.
The basic process of tandem mass spectrometry is shown in Figure 1.2. Molecules are
ionized, ions with m/z values of interest are isolated, these isolated ions are subjected to some
2

reaction, and the resultant fragment ions and remaining precursor ions will be analyzed by the
mass analyzer. By calculating the mass difference of the precursor ion and the fragment ions, the
molecular formula of the neutral losses can be decided, and the potential structures of fragment
ions and unimolecular dissociation pathways can be predicted.

Figure 1.2

The experimental procedure involved in tandem mass spectrometry

Depending on the instrument type, or the available mass analyzers in an instrument, there
are two types of tandem mass spectrometry, called “tandem-in-space” and “tandem-in-time”. In
tandem-in-space experiments, this process occurs in at least two different mass analyzers that are
physically separated in space. For instance, in a triple quadrupole mass spectrometer, precursor
ion selection occurs in the first quadrupole, the reaction takes place in the second quadrupole,
and mass analysis occurs in the third quadrupole. In tandem-in-time experiments, the process
occurs in the same place, an ion trap, with multiple steps based on the application of various
voltages as a function of time. In this dissertation, both tandem in space (as implemented on a
Bruker micrOTOF-Q II mass spectrometer, Bruker Daltonics, Breman, Germany), and tandem in
time (as implemented on a Thermo LTQ-XL mass spectrometer, San Jose, CA) mass
spectrometers are discussed and used for experiments.
3

1.1.3

Accurate mass, exact mass, mass accuracy, and resolution
The key information obtained from a simple mass spectrometer is the m/z of analytes.

Within mass spectrometry, especially for high resolution/high mass accuracy measurements,
several terms must be defined. The accurate mass is the experimentally determined mass of an
ion to an appropriate degree of accuracy.39 The exact mass, also known as a theoretical mass, is
calculated by summing the monoisotopic mass of the most abundant isotope for each atom
present in the ion’s predicted formula.40 The exact mass of a molecule is different from the
relative atomic mass or the atomic weight of the molecule, which is calculated by summing the
weighted average of the naturally occurring isotopes of an element. The mass of an electron
(0.000548 u) must be accounted for (removed or added from/to the exact mass of the molecule
when forming a singly charged positive ion, or a singly charged negative ion, respectively) when
ultra-high-resolution mass analyzers such as orbitrap or Fourier-transform ion cyclotron
resonance (FT-ICR) are used to acquire the data to which the exact mass will be compared.18 In
general, the exact/accurate masses are reported with four decimal places.18 Four decimal places
can only be provided if the instrument is capable of that level of accuracy based on the mass
analyzer.
Three figures of merits such as mass accuracy, resolving power, and resolution are
associated with mass spectrometry.
Mass accuracy is a measurement that reflects how close experimental measurements
(accurate mass) are to the theoretical (exact mass) calculations. In general, mass accuracy is
given as relative mass accuracy in parts per million (ppm) which can be calculated from
Equation 1.1. To calculate mass accuracy, the difference between experimental and theoretical
m/z values is divided by the theoretical m/z value, and the value is presented in ppm. Typically,
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high-resolution mass spectrometry-based mass accuracies are reported with three decimal
places.41

𝑚
𝑚
( 𝑧 ) 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − ( 𝑧 ) 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
(1.1)
𝑀𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (𝑝𝑝𝑚) =
× 106
𝑚
( 𝑧 ) 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
The resolving power can be defined as the capability of the instrument to distinguish
adjacent peaks. The mass resolving power can be described by the single peak definition for
singly charged ion as shown in Equation 1.2, where m is the mass of the ion and Δm is the full
peak width at half maximum.
𝑅𝑒𝑠𝑜𝑙𝑣𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝑜𝑟 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =

𝑚
∆𝑚

(1.2)

Mass resolution pertains to data and can be defined as the minimum separation required
to distinguished two peaks. This can be described using 10% valley definition using Equation
1.2, where two peaks of singly charged ions with masses, m and m-Δm, with equal heights are
separated with a 10% valley.
1.2

Ionization sources
The ionization source is an essential section in the mass spectrometer since only gas-

phase ions can be accelerated or detected by the instrument. Different ionization sources can be
used depending on the molecular structure and polarity of the analytes and the application.
Basically, two broad categories of ionization processes can be defined, depending on the extent
of fragmentation of the analyte produced during the ionization process. These two categories are
“soft” (where predominantly molecular or (de)protonated ion is produced with limited
fragmentation) and “hard” (where fragments from the molecular ion or (de)protonated ion are
5

produced, sometimes extensively) ionization techniques. The selection of a suitable ionization
source is important to achieve good signal stability and intensity. In this dissertation, two
atmospheric pressure soft ionization techniques, electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) are employed.
1.2.1

Electrospray ionization (ESI)
ESI is an atmospheric pressure soft ionization technique, which was coupled with mass

spectrometry and first reported by Malcolm Dole in 1968.42 In 1989, Fenn et al. reported the
mass spectrometric analysis of polar, large biomolecules such as oligonucleotides and proteins
with molecular weight up to 130,000 Da using electrospray ionization.43 Half of the Nobel Prize
in Chemistry in 2002 was shared by John B. Fenn and Koichi Tanaka for their development of
soft ionization methods, ESI and matrix-assisted laser desorption ionization (MALDI),
respectively, for mass spectrometric analysis of biological macromolecules.44
ESI has become a common ionization source for fixed charges,22-23, 45 and polar
molecules26, 46-47 with acidic or basic sites in the structure. When compared to electron ionization
(EI) and CI where direct evaporation is needed, lower temperatures are required for desolvation
of ions in ESI, making ESI amenable for thermally unstable compounds.43
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Figure 1.3

Schematic representation of ESI

Figure 1.3 shows a representation of an ESI. In ESI, the analyte solution is introduced to
the sample inlet with a flow rate of ~0.1-20 µL/min. The solution is passed through a needle tip
capillary (with the inner diameter of ~50-150 µM) held at high electric potential (1.5-4 kV) to a
counter electrode. Because of the potential provided, charges are built up near the capillary and
change the solution meniscus into a so-called Taylor cone, when the force provided by the
electric field overcomes the surface tension.48 Then, a fine jet of charged droplets is ejected from
the formed Taylor cone and are directed toward the instrument inlet. In many commercial
instruments, the formation of the spray of charged droplets is aided by a nebulizer gas (e.g.,
nitrogen gas) run through a coaxial cylinder. Then solvent evaporates from the charged droplets,
and they further break into smaller droplets to eventually form gas-phase ions as they are
exposed to vacuum gradient and, often, heated gas before entering the mass analyzer.
The specific mechanism for the formation of gas-phase ions from charged droplets can be
described by either of two major models (Figure 1.4), namely the charge residue model (CRM)42
or the ion evaporation model (IEM).49 The first steps are the same in both models, where the
solvent is evaporated from the charged droplets and reduces the radius of the droplet, increasing
7

the surface charge of the droplet. The coulombic repulsion between surface charges exceeds the
Rayleigh limit eventually, and breaks the charge droplets into multiple, smaller droplets via the
coulombic explosion.50 In CRM, this process continues until a droplet contains only a single
analyte ion, which eventually is desolvated to a bare ion. In IEM, individual ions are evaporated
directly from the highly charged droplet surface containing multiple such analyte ions. In
general, the gas-phase ion formation for small analytes (including metal ions) can best be
explained using IEM, and the ion formation of large analytes (such as proteins) can best be
explained using CRM.51-52

Figure 1.4

1.2.2

Schematic representation of ion evaporation model (top) and charge residue model
(bottom)

Atmospheric pressure chemical ionization (APCI)
APCI is another soft ionization technique, which was developed by Stillwell and

coworkers in the 1970s using 63Ni foil as the electron source.53 In APCI, the ionization of
molecules occurs via a cascade of gas-phase ion-molecule reactions initiated by low-energy
electrons (which is described in some detail below). Modern APCI sources typically use a corona
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discharge electrode as the electron source, which was initially developed by Carrol et al. in
1975.54
A schematic representation of a typical APCI source is shown in Figure 1.5 which
consists of a nebulizer, vaporizer, and a corona discharge electrode.55 Analyte solution is
nebulized (with N2 nebulizer gas) into the chamber through a capillary emitter with a flow rate of
0.2-2.0 mL/min to produce a mist of fine droplets.55 Solvent evaporation is facilitated by
providing a higher temperature at the vaporizer. Low-energy electrons are produced from the
corona discharge needle at ~4-6 kV,18 and ionize the reagent gas (e.g., N2, O2, H2O) available in
the source chamber.56 A variety of ion-molecule reactions will then take place between reagent
gas, solvent molecules, and analyte molecules to eventually produce analyte ions, among other
species. These reactions may include charge exchange, proton transfer, or hydride ion
abstraction. Effective ion-molecule collisions with lower mean free path take place within the
chamber maintained at atmospheric pressure (1 atm) when compared to chemical ionization.18, 57
The produced ions can then be transferred into the mass spectrometer through the MS inlet.

9

Figure 1.5

Schematic representation of APCI

Different reactions that take place in the APCI chamber are discussed in the literature.53,
58

In Reaction 1, the nebulizer gas is ionized by the low energy electrons ejected from the corona

discharge electrode to produce N2+● ion which is the primary ion. The primary ion can then react
with a neutral N2 molecule (Reaction 2) to produce reactive N4+●.
N2 + e- → N2+● + 2e- (Reaction 1)
N2+● + 2N2 → N4+● + N2 (Reaction 2)
In the presence of water in the chamber, a charge transfer reaction (Reaction 3) takes
place to produce H2O+● ion which then can react with an additional water molecule to produce a
hydronium ion (Reaction 4). Successive association of additional water molecules (Reactions 5
and 6) then depends on the moisture content and the temperature in the ionization chamber.53
N4+● + H2O → H2O+● + 2N2 (Reaction 3)
H2O+● + H2O → H3O+ + OH● (Reaction 4)
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H3O+ + H2O + N2 → H+(H2O)2 + N2 (Reaction 5)
H+(H2O)n-1 + H2O + N2 → H+(H2O)n + N2 (Reaction 6)
In the presence of methanol, it is possible to produce positive methanol radical ion or
protonated methanol via Reactions 7 and 8, respectively in the APCI chamber.59 The
concentrations of primary ions (from nitrogen), and secondary ions (from water, methanol, or
other solvents) depend on the source parameters or the reaction conditions, the concentration of
the neutral molecules, the proton affinities, and the ionization potentials of each molecular
species.
N4+● + CH3OH → CH3OH+● + 2N2 (Reaction 7)
CH3OH+● + CH3OH → CH3OH2+ + CH3O● (Reaction 8)
The secondary ions (from water or methanol) then can undergo either charge transfer
reactions to analyte molecule (M) to produce the molecular ion as shown in Reaction 9, or proton
transfer reactions to M to produce the protonated ion, [M+H]+, (Reaction 10) in the positive ion
mode.59
A charge transfer reaction can then take place from CH3OH+● to the neutral analyte to
produce molecular ion as shown in Reaction 9; and/or a proton transfer reaction may take place
from protonated methanol to neutral analyte to produce [M+H] + as shown in Reaction 10.
M + CH3OH+● → M+● + CH3OH (Reaction 9)
M + CH3OH2+ → [M+H]+ + CH3OH (Reaction 10)
The charge transfer reactions and proton transfer reactions depend on the relative proton
affinities, gas-phase basicity values, and ionization potentials of each molecular species,
including solvent molecules, analyte molecules, and other matrix components.53
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Proton affinities, gas-phase basicity (GB) values, electron affinities, and ionization
potentials of some solvents are listed in Table 1.1. As proton transfer reactions may take place
from solvent clusters to analyte molecules, the proton affinities of some water clusters and
methanol clusters are also listed in Table 1.1. In both water and methanol, the proton affinities
increase when increasing cluster size, thus, proton transfer reaction to other species from the
clusters will be reduced in the presence of bigger clusters, and charge transfer reactions may be
favored instead. However, the formation of bigger clusters may be hindered by increasing the
vaporization temperatures, gas flow rates, and cone voltage of the source.60-61
Table 1.1

Proton affinities, gas-phase basicity values, electron affinities, and ionization
potential values of some gas-phase species.

Nebulizer gas/
Solvent

Proton affinity
(kJ/mol)

Nitrogen
Oxygen
H2O
CH3OH
ACN
CHCl3
CH2Cl2
Hexane
IPA
(H2O)2
(H2O)3
(H2O)4
(H2O)5
(H2O)6
(CH3OH)2
(CH3OH)3
(CH3OH)4
(CH3OH)5
(CH3OH)6
(CH3OH)7
(CH3OH)8
(CH3OH)9

493.862
42162
69162
754.362
779.262
64762
628.869
676.7671
79362
815.972
861.972
899.5672
903.772
908.972
882.872
937.272
966.572
979.172
991.672
995.872
1004.272
1008.372

Gas-phase
basicity
(kJ/mol)
66062
724.562
74862
602.869
762.662
-

Electron
affinity (eV)

0.0114965
0.6267
12

Ionization
Potential (eV)
15.6
12.1
12.6563
10.8464
12.3866
11.3768
11.3370
10.2770
10.1564
-

Table 1.1 (continued)
Nebulizer gas/
Solvent

Proton affinity
(kJ/mol)

Gas-phase
basicity
(kJ/mol)

Electron
affinity (eV)

Ionization
Potential (eV)

(CH3OH)10
1016.772
H2O-water, CH3OH-methanol, ACN-acetonitrile, CHCl3- chloroform, CH2Cl2- dichloromethane,
IPA-isopropyl alcohol. Superscript numbers given in the table are references.
In addition to methanol, different solvents such as benzene,54 isooctane,54 chloroform,53
and water,53 are sometimes used in APCI. The extent of charge transfer or proton transfer
reactions to the analyte molecules within the APCI source is governed by the solvent system
used and reactant ion formation. Reactant ion formation within the APCI source has previously
been studied for different solvent systems, especially common ones like acetonitrile (ACN,
CH3CN), ACN/H2O, chloroform (CHCl3), dichloromethane (DCM), and hydrocarbons (e.g.,
isooctane, hexane).54, 60
Kolakowski et al. observed the formation of different radical ions and protonated clusters
such as CH3CNH+, (CH3CN)2+●, and (CH3CN)3H+ when ACN is used as the solvent in the
presence of nitrogen nebulizer gas.60 When 1:1 ACN: H2O is used as the solvent system they
observed the formation of protonated ions including H3O+, CH3CNH+, and [(CH3CN)H3O]+
cluster that eventually alter the extent of the proton transfer reaction.60
Ions originating directly from chloroform have not been observed in the APCI mass
spectrum when chloroform is used as the solvent.73 The reason for this observation may be that
chloroform is neither easily ionized nor protonated (Table 1.1) due to lower proton affinity and
higher ionization potential. Instead, proton-bound dimers of ethanol, [(CH3CH2OH)2H]+, have
been observed, as ethanol is used as a stabilizer in chloroform.60, 73 The APCI-MS spectrum of
dichloromethane produced ion peaks at m/z 71 and 43 in the presence of the N2 as the nebulizer
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gas.60 These ions are not directly generated from dichloromethane but from the traces of
hydrocarbon stabilizers, which could account for m/z 71 (C5H11+) and 43 (C3H7+).60 Low levels
of contaminants and additives present in the solvents can play a significant role in ion-molecule
reactions and change the composition of ions, thus, the purity of solvents should be thoroughly
considered.
The APCI-MS spectrum of hexane (C6H14) in the presence of N2 gas includes ions m/z
56 (C4H8+), m/z 57 (C4H9+), and m/z 85 (C6H13+)54 where C4H8+● and C4H9+ are likely formed by
charge transfer reaction from N4+● followed by fragmentation. The major ion was formed at m/z
85, corresponding to [M-H]+, and the [M-2H]+ ion can also be observed at m/z 84.
The formation of different solvent radical cations and solvent clusters depends on the
instrumental parameters as well.54, 60 The proton affinities and gas-phase basicity values of some
model systems are listed in Table 1.262 Replacing the sp3 C with a carbonyl group in 1methylbenzene to produce acetophenone increases its proton affinity by ~ 70 kJ/mol. Similarly,
the introduction of a carbonyl to phenanthrene and acenaphthene would increase their proton
affinity values. The introduction of the -CH2 linker in between -NH2 group and phenyl ring in
aniline to produce benzylamine increases the proton affinity by ~30 kJ/mol. However, the
replacement of the sp3 C with a carbonyl group in benzylamine to produce benzamide decreases
its proton affinity by ~20 kJ/mol.

14

Table 1.2

Proton affinity and gas-phase basicity values for model systems62
Molecule

Structure

Proton affinity

Gas-phase basicity

(kJ/mol)

(kJ/mol)

benzene

750.4

725.4

1-methylethylbenzene

791.6

763.9

Acetophenone

861.1

829.3

Benzophenone

882.3

852.5

Phenanthrene

825.7

795.0

Acenaphthene

851.7

821.0

Aniline

882.5

850.6

Benzylamine

913.3

879.4

Benzamide

892.1

861.2
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Analytes can be divided into three groups depending on their gas-phase basicity values,
referred to as “K”, “T”, and “L” types.61, 74 The analytes having GB> ~837 kJ/mol are known as
“K” type analytes, where the proton transfer to analyte reaction is kinetically controlled.74
Nitrogen bases generally belong to this class. For instance, aniline, benzylamine, and benzamide
listed in Table 1.2 belong to type K. The “T” and “L” classes consist of analytes having GB<
~837 kJ/mol, however, the sensitivity of “L” type analytes is lower than that of the “T” type
analytes. Oxygen-containing bases having GB< ~837 kJ/mol belong to the type “T” and the
protonation reaction is thermodynamically controlled. Thus, acetophenone listed in Table 1.2
belongs to the type “T” category. On the other hand, the compounds including sulfur
compounds, organometallic compounds, unsaturated hydrocarbons (including polycyclic
aromatic hydrocarbons), and the other compounds which in the gas-phase protonation occurs on
a carbon atom, belongs to the type “L” analytes.74 Phenanthrene and acenaphthene listed in Table
1.2 belong to the type “L” category. The replacement of the sp3 C with a carbonyl group in 1methylbenzene to produce acetophenone increases its gas-phase basicity by ~65 kJ/mol.
Similarly, the introduction of hydroxyl groups and carbonyl groups to phenanthrene and
acenaphthene may increase the gas-phase basicity of their derivatives which are discussed in
Chapter 4.
1.3

Mass analyzers
The function of a mass analyzer is to separate (or filter) ions depending on their m/z. The

performance of a mass spectrometer is highly dependent on the selection of a mass analyzer,
each having specific operation principles. The choice of the mass analyzer depends on several
factors including mass range, resolving power, mass accuracy, sensitivity, speed, MS/MS
capability, and economic considerations.18 In this dissertation, time-of-flight (TOF), quadrupole
16

mass filter (QMF), and linear ion trap (QIT) mass analyzers are discussed since those were used
for the experiments presented herein.
1.3.1

Time of flight (ToF)
The ToF mass analyzer was first reported in 1946 by W. E. Stephens.75 The operating

principle involves discrete ions packets being accelerated to the same kinetic energy, traversing
through a field-free path of known length, and the flight time being recorded by a detector at the
end of this path. Because the ions have the same kinetic energy, they will travel with different
velocities based on their m/z values. The ions with lower m/z values reach the detector faster, and
the ions with a higher m/z reach the detector slower.
The ToF experiment is inherently pulsed, thus combining with a true pulse ionization
technique (like MALDI) is convenient, whereas an additional section is demanded for creating
ion packets when connected with a continuous ion source. To do this electrical ion gates76 or
orthogonal accelerators77 are useful.
1.3.1.1

Linear ToF
The simplest arrangement of a time-of-flight instrument is the linear ToF. A schematic

representation of the linear-ToF mass analyzer is shown in Figure 1.6. In linear ToF, the ions are
accelerated to the same kinetic energy and injected into a field-free drift tube where ions traverse
a linear path. The lighter ions will travel the length of the region, toward the detector, faster than
heavier ions.

17

Figure 1.6

A schematic representation of linear-ToF mass analyzer

It is being reasonably straightforward to understand the basic principle of the linear ToF
using basic fundamental physics. When a charged particle with charge q is kept in an electric
field of U, the particle has a potential energy of Eel., described by Equation 1.3, where e is the
charge of an electron and z is the number of charges of the ion.
𝐸𝑒𝑙 = 𝑞𝑒 = 𝑒𝑧𝑈

(1.3)

When that charged particle is accelerated through this electric field, the potential energy
(Eel) is then converted to kinetic energy (Ekinetic). Equation 1.4 shows the relationship between the
potential energy and the kinetic energy, where m is the mass of the ion and v is the velocity of
the ion.
1
(1.4)
𝑚𝑣 2 = 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐
2
The constant velocity (v) of a particle that travels a distance of L within a time t is given
𝐸𝑒𝑙 = (𝑒𝑧)𝑈 =

by Equation 1.5,
𝐿
(1.5)
𝑡
From Equations 1.3 and 1.4, one can derive an equation that relates the electric charge to
the mass of the ion,
1
(1.6)
(𝑒𝑧)𝑈 = 𝑚𝑣 2
2
𝑣=
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By rearranging Equation 1.6, the relationship between velocity and the m/z value of an
ion can be derived,

𝑣=√

2𝑒𝑧𝑈
𝑚

(1.7)

From Equations 1.5 and 1.7, the velocity can be substituted in terms of length and time,
giving 1.8 and, after squaring both sides, 1.9,
𝐿
2𝑒𝑧𝑈
=√
𝑡
𝑚

(1.8)

𝐿 2 2𝑒𝑧𝑈
( ) =
𝑡
𝑚

(1.9)

The relationship between flight time (t) and m/z can be obtained by solving for t.
𝑡=

𝐿

𝑚
√2𝑒𝑈 𝑧
√

(1.10)

According to the above relationship, the ions with lower m/z values have lower drift time,
and the ions with higher m/z values have longer drift times, assuming equal KE.
1.3.1.2

Reflectrons
The reflectron was invented by Mamyrin in 1994.78 Reflectron serves to correct for small

differences in kinetic energy distribution on peak resolution by narrowing the flight time
distribution of the ions with the same mass. A schematic representation of a reflectron-ToF
(reToF) is shown in Figure 1.7. The reflectron is composed of ring-shaped electrodes and is
placed at the end of the drift tube (but midway through the drift path) and provided with an
impeding electric potential. The ions will penetrate the reflector until they achieve zero kinetic
energy and then will be accelerated back from the reflectron in the opposite direction toward a
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detector. The slightly faster ions penetrate deeper and spend more time within the reflectron
when compared to the slightly slower ions (with the same mass). Eventually, both slower and
faster ions with the same mass reach the detector at the same time. The reflectron decreases the
effect of kinetic energy distribution on peak resolution by narrowing the flight time distribution
of the ions with the same mass.

Figure 1.7

A schematic representation of reflectron-ToF mass analyzer

Ions with the same mass may have different initial kinetic energy distributions due to different
starting times, locations, and directions. This figure illustrates that the ions with higher initial
velocity penetrate deeper into reflectron, thus have a longer flight path when compared to ions
with a lower initial velocity. The ions moving in the opposite direction gain lower kinetic energy,
have shallower penetration into reflectron, and have shorter flight times. Eventually, both ions
have different kinetic energy with the same mass reach the detector at the same time.
1.3.1.3

Orthogonal acceleration (oa)-ToF and Tof in hybrid instruments
When ToF mass analyzers are connected to a pulsed ionization source that generates ions

as discrete ion packets, those ions can be directly transferred into the mass analyzer since ToF is
an inherently pulsed measurement. However, when a ToF mass analyzer is connected to a
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continuous source, conversion of the continuous ion flow into discrete ion packets is demanded
before transmission into the mass analyzer.
One method to achieve such ion pulsing is the use of an orthogonal accelerator.77 In the
orthogonal accelerator, the ions are sampled from the ion beam coming from the ion source and
injected into the drift region in the orthogonal direction to the axis of the initial ion beam. A few
centimeters of the initial ion beam are selected and the ions in the middle section (0.5-2 cm) are
extracted into the drift region.77 As the ion beam is accelerated in an orthogonal direction, the
effect of initial velocities (kinetic energy distribution) on flight time dispersion and background
interferences caused by neutral gas molecules is minimized. Since the starting point of the ion
packets lies within the axis of the initial ion beam, the effect of starting location on time
dispersion is minimized.77 Thus, oa-ToF offers higher mass resolving power when compared to
prototype ToF instruments. A schematic representation of an oa-reToF mass analyzer is shown in
Figure 1.8.

Figure 1.8

A schematic representation of oa-reToF mass analyzer
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ToF mass analyzers can also be incorporated into hybrid mass spectrometers. These
hybrid mass spectrometers play a vital role in tandem mass spectrometry, in which the mass
isolation and the ion activation occur in quadrupole mass analyzers and the final mass analysis
takes place in ToF mass analyzer.79-80 In this dissertation, a mass spectrometer consisting of a
continuous ion source (ESI or APCI), RF-only hexapole (for transferring ions), two quadrupoles
(for precursor ion selection and ion ion-molecule reactions), and oa-reToF (for mass analysis) is
used.
1.3.2

Quadrupole mass analyzers
The quadrupole mass filter (QMF) and quadrupole ion trap (QIT) were constructed for

the first time in the early 1950s by Wolfgang Paul et al., and he shared the Nobel Prize in
Physics for “the development of the ion trap technique” in 1989.81 Linear quadrupoles have
several advantages as they are lightweight, compact, and less expensive than ToF mass analyzer.
The QMF consists of four hyperbolic or cylindrical-shaped rod electrodes extended on
the z-direction and mounted in a square configuration in the x and y directions, as shown in
Figure 1.9a. Opposite electrode pairs are provided with the same potential including direct
current (DC) and alternating current (AC) components as shown in Figure 1.9a. AC provided for
the rods in xy plane is 180° out of phase when compared to the AC provided for the rods in xz
plane to create a quadrupole pseudopotential well, represented as – (U+Vcosωt), where U is the
DC voltage, V is the AC voltage of and ω is the frequency, for pairs in the xy plane and
+(U+Vcosωt) for the pair in the xz plane. Since the polarities provided to the rods change
periodically, as ions enter the quadrupole in the z-direction, they experience attractive or
repulsive forces periodically too depending on the polarity of the rods. Under certain operation
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conditions, this creates a case where only certain m/z ions, having a stable trajectory, will be
transferred through the quadrupole.

Figure 1.9

(a) Geometry and applied potentials to the electrodes of a two-dimensional
quadrupole mass filter. (b) Cross-section of a quadrupole with cylindrical rods

The ion motion in the quadrupole can be described by solving the Mathieu equations,
which were originally derived by Emile Leonard Mathieu in 1868.82 The stability or instability of
an ion within a QMF is described in detail in the literature, including in textbooks starting from
the first principles,18, 83-84 and described only briefly in this dissertation. The ion trajectory inside
the quadrupole depends on the mass (m) in kg, the charge of the ions (q, which is the product of
electron charge and the charge number), the applied V, U, and ω. Only one range of m/z will
have stable transmission within the rods for a given set of applied voltages.83
The relationship between the time-invariant field (a) in the x-direction ax or y direction ay
and ion mass (m) to charge (q) ratio is shown in Equation 1.11.
𝑎𝑥 = −𝑎𝑦 =

4𝑞𝑈
𝑚𝜔 2 𝑟02

(1.11)

The relationship between the time-variant field (q) in the x-direction (qx) or y direction
(qy) and m/q can be determined from Equation 1.12.18
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𝑞𝑥 = − 𝑞𝑦 =

2𝑞𝑉
𝑚𝜔 2 𝑟02

(1.12)

Figure 1.10 shows a-q stability diagram for a QMF. The shaded region in the stability
diagram represents the stability region. The slope of the mass scan line (a/q = 2U/V) determines
the range of m/z values passed through the quadrupole and the resolving power provided by the
instrument. At the apex of the stability diagram where a/q= 0.237/0.706-0.336 the stability
shrinks to one point where the maximum resolving power would be given. Decreasing the U
relative to V broadens the m/z range that transmits through the quadrupole and in turn lowers the
resolving power. Decreasing U complete, operating in so-called “RF-only” mode that allows for
a wide range of masses to pass, which is useful when a quadrupole is used as an ion guide.

Figure 1.10

The stability diagram for a linear quadrupole analyzer.

Adapted with permission from Miller, P. E.; Denton, M. B., The quadrupole mass filter: Basic
operating concepts. J. Chem. Educ. 1986, 63 (7), 617. Copyright (1986) American Chemical
Society83
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In general, the QMF can be thought of as a bandpass filter in which the bandwidth can be
controlled by changing the U and V, an analogy that has been well-described in the literature.83
The trajectory of ions in xz and yz plane in the QMF depends on the applied DC and AC voltage,
frequency of AC voltage (how rapidly the applied voltages change), and m/z of the ions. The
trajectory of the heavier ions is affected by the average DC potential and the trajectory of the
lighter ions is influenced by rapid varying potentials (AC voltage).
Considering the two electrodes in the yz plane, if a positive DC potential is applied and
the applied AC voltage is high enough, lighter positively charged ions will be attracted towards
the electrodes, scattered, and eliminated from the QMF. The larger, positively charged ions will
be less affected by the AC voltage and be focused toward the center of the guide. In this case,
only ions greater than a cut-off m/z will be passed through the QMF creating a high pass mass
filter. If simultaneously, the electrode pair in the xz plane is provided with negative DC potential
and an AC voltage that is 180° out of phase when compared to electrodes in yz plane then the
heavier positively charged ions, which are less affected by the AC, will be accelerated towards
the electrode and out of the QMF, whereas the lighter ions will respond to the rapidly varying
voltages and will be focused towards the center of the axis of the QMF and will thus pass. In this
case, only the ions lighter than a cut-off m/z will be passed through the QMF, acting as a low
pass mass filter. Therefore, for ions to have a stable trajectory within the QMF, they must remain
stable in both xz and yz planes, with the entire quadrupole ultimately acting as a bandpass filter.
1.3.3

Linear quadrupole ion trap
Quadrupoles can be transformed into ion storage devices, or ion traps, by providing

slightly higher DC potentials to the front and back ends of the quadrupole. These linear
quadrupole ion traps (LITs) can be used for ion trapping, mass isolation, gas-phase reactions, and
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mass analysis. One version of a LIT is composed of three sets of quadrupole rods along the zaxis (Figure 1.11).85 For ion trapping, all three sections are provided with the same RF voltage
to create a radial trapping potential, and the front and back-end quadrupoles are provided with
higher DC offset voltage to create an axial trapping potential well.85
Mass analysis from a LIT occurs with mass selective ejection in either the axial or radial
directions. The trap used in the work presented herein operates in radial ejection modes where
ions are ejected through slots in the two opposite rods in the center section (ion exit slots). A
detector (electron multiplier) is placed on each side to capture ions existing from both slots.

Figure 1.11

A schematic diagram of LIT with mass selective radial ejection

Specifically, the ion trap used in this dissertation is a Thermo Scientific LTQ-XL (San
Jose, CA) mass spectrometer, which is ideal for multi-stage (MSn) mass spectrometry. The ion
motion in the mass analyzer including ion injection, isolation, activation, and ejection is
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controlled by three different voltages, namely ion isolation waveform, resonance excitation
voltage, and resonance ejection voltage.
1.4

Collision-induced dissociation
Tandem mass spectrometry (Figure 1.2) is useful for the structural characterization of

chemical species. One key step in the tandem mass spectrometry experiment is ion activation for
initiating bond dissociation within the molecules. Collision-induced dissociation (CID) is one of
the widely used dissociation techniques for tandem mass spectrometry experiments.
In CID, mass-selected ions (precursor ions) collide with neutral buffer gas, such as He,
Ar, or N2, converting some of the ion’s kinetic energy into internal energy. When internal energy
overcomes the bond dissociation threshold of labile bonds within the ion, it undergoes
fragmentation.
There are two types of CID processes depending on how it implemented in the
instrument: (1) ion trap and (2) beam-type CID. The ion trap CID process is controlled by a set
of AC voltages, the mass-selected precursor ion is subjected to resonant excitation with a
frequency similar to the secular frequency of the ion’s oscillation to promote energetic collisions
with the background gas. In the beam type CID process (e.g., on a triple quadrupole instrument
or a quadrupole-ToF hybrid instrument), the ion beam is accelerated, using DC voltages, through
the collision gas to induce fragmentation. In general, beam-type CID is more energetic and rapid
than ion trap CID, and it can thus sometimes yield more (or different) dissociation pathways
when compared to ion trap CID.86
Here we will consider the specifics of beam-type CID in which the fragmentation of
precursor ions occurs as a result of energy transfer during ion-neutral collisions. The absolute
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upper limit of energy transfer can be defined by the center-of-mass collision energy, ECM as
follows,
𝐸𝐶𝑀 = 𝑞𝑉

𝑚𝑁
𝑚𝑁 + 𝑚𝐼

(1.13)

where q is the charge of the ion, V is the acceleration voltage, mN is the mass of the
neutral, and mI is the mass of the ion. The product qV is also known as the energy of the ion in
the laboratory frame in eV, which depends on the instrument settings. If the internal energy of
the ion exceeds the bond dissociation threshold, labile bonds are broken to generate fragment
ions and neutral molecules. The generated fragment ions and remaining precursor ions can then
be accelerated towards the mass analyzer and detected to create an MS2 spectrum. A schematic
representation of the CID process is shown in Figure 1.12.

Figure 1.12

Schematic representation of collision-induced dissociation (CID)
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In literature, CID-MS has been used to determine the dissociation pathways of a wide
range of molecules including ionic liquids22-23, 45, 87 and amino acids26, 88 related to this
dissertation.
1.5

Perspective overview
The purpose of this dissertation is to characterize various small molecules and ions by mass

spectrometric methods, with a focus on the fundamentals of the methods driving the analysis.
In Chapter II, gas-phase unimolecular dissociation pathways of imidazolium-based ionic
liquid cations with different functionalization were studied. The ionic liquid cations were
characterized using ESI and CID. Experiments were performed in two different commercially
available mass spectrometers that facilitate tandem in time (Thermo LTQ-XL mass spectrometer,
San Jose, CA) and tandem in space (Bruker micrOTOF-Q II mass spectrometer, Bruker
Daltonics, Bremen, Germany) options. The thermodynamics of some selected dissociation
pathways were calculated using computational chemistry to better understand experimental
observations.
In Chapter III, differences of CID mass spectra of lithiated cis-3-hydroxyproline and
lithiated cis-4-hydroxyproline were studied, and the reasons for having distinct CID-MS spectra
were explored using DFT calculations. The CID-MS of lithiated hydroxyproline isomers were
obtained by Bruker micrOTOF-Q II mass spectrometer, Bruker Daltonics, Bremen, Germany.
In Chapter IV, novel synthetic monomers synthesized in the Smith Laboratory
(Mississippi State University) were characterized by atmospheric pressure chemical ionizationmass spectrometry. The major goal of the project was to develop the APCI-MS method for the
molecules that are not readily ionizable at ESI to obtain publication-quality mass accuracy of ~5
ppm or less. Toward this goal, the effect of experimental parameters on APCI-MS signal was
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studied. The experiments were carried out in Bruker micrOTOF-Q II mass spectrometer (Bruker
Daltonics, Bremen, Germany)
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CHAPTER II
GAS-PHASE COLLISION-INDUCED DISSOCIATION AND THERMAL DEGRADATION
OF IONIC LIQUID CATIONS
A portion of this work has been previously published in De Silva, M.; Brown, A. C.;
Patrick, A. L., Thermal- and collision-induced dissociation studies of functionalized
imidazolium-based ionic liquid cations. J. Mass Spectrom. 2020, 55 (9), e4518.
2.1

Introduction

2.1.1

An overview of ionic liquid cations

Ionic liquids (ILs) are also known as molten salts and are composed of two loosely bound
asymmetrical ions of opposite charges with a melting point below 100 ⁰C.89, 90, 91 They are used
in diverse applications, including as electrolytes92 in batteries93 and supercapacitors,94 as
catalysts95, 96 or “green” solvents97-98 in synthesis reactions, as lubricants,99-100 and as CO2
adsorbents.101, 102 And, within the space propulsion community, ILs have received special
attention as next-generation spacecraft propellants,103 as a replacement for toxic hydrazine in
chemical thrusters,104-105 and electrospray thrusters.106,107 For instance, 1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide was successfully used as an ionic liquid
electrospray propellant in European Space Agency’s LISA Pathfinder mission.108
The attractiveness of ILs for such diverse applications is often due to their unique properties,
including the relatively low melting point for a salt, negligible vapor pressure, purported thermal
stability, good solvating properties, high conductivity, tunable viscosity, good electrochemical
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properties, and stability. Properties of ILs can be tuned by changing the nature of the anion or
cation; for the cation, the major class or the side chains can be tuned.109
In the last two decades, researchers have developed imidazolium-based ionic liquid cations
with a wide range of different functionalizations.109, 110, 111,

112

Several different functionalized IL

cations are also now commercially available and availability continues to grow. Common classes
of IL cations include imidazolium, pyridinium, piperidinium, phosphonium, and ammonium; the
structures of some are shown in Figure 2.1. In this, dissertation imidazolium, ammonium, and
pyridinium IL cations are discussed, with a focus on imidazolium ILs.

Figure 2.1

2.1.2

The structures of some common IL cations. a) imidazolium, b) pyridinium, c)
piperidinium d) pyrrolidinium e) phosphonium f) ammonium

Mass spectrometry and collision-induced dissociation of IL clusters and bare
cations
In the literature, ESI-MS has been used as an analytical tool to characterize gas-phase IL

clusters and cations.113, 114 Fernandes et al. studied the gas-phase dissociation of positively
charged and negatively charged IL aggregates by ESI coupled to tandem mass spectrometry.115,
116

In one report, gas-phase dissociation of aprotic IL clusters with the formula of

[(Cnmim)m+1(A)m)]+ were studied, where n is the number of C atoms in the side chain of
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methylimidazolium ring, and m is the number of anions in the cluster. According to their study,
aprotic ILs undergo loss of one or several ion pair(s) upon collisional activation, ultimately
yielding the bare cation with sufficient activation.115 In most cases, the aggregates with m = 4
had extra stability when compared to m = 2,3,5, and 6.115 In another study, the effect of the
cation size, the length of the side chain, and the anion radius were evaluated on relative cationcation interaction energies of imidazolium, pyridinium, pyrrolidinium, and piperidinium-based
IL clusters.116 Eberlin et al. studied the stability of gas-phase magic clusters of 1-n-butyl-3methylimidazolium in the presence of five different anions where the relative order of hydrogen
bond strengths decreases in the order of CF3CO2-, BF4-, PF6-, InCl4-, and BPh4-.117
Patrick et al. studied the dissociation pathways of protic IL clusters, alkyl
ammoniumnitrates,118 and 2-hydroxyethylhydrazinium nitrate119 produced from ESI. Upon
collisional activation, protic ionic liquids undergo multiple dissociation channels via loss of ion
pair (or combined loss of neutralized anion and cation), neutralized anion (e.g., HNO3 for those
with nitrate as an anion), and the deprotonated cation, eventually yielding the bare cation as the
ultimate product ion upon sufficient activation. The effect of the number of alkyl substituents
(primary, secondary, and tertiary) attached to the ammonium motif and the cluster size on the
loss of HNO3 from alkyl ammonium nitrate clusters was studied. They concluded that increasing
the basicity (with a higher degree of alkylation) of cation and the cluster size leads to a decrease
in the loss of HNO3 acid and other alternative dissociation pathways other than ion pair loss.118
The 2-hydroxyethylhydrazinium nitrate produced the cluster, [(HEHN)2HEH]+ during
electrospray ionization, which then, upon CID, loses HNO3 at lower collisional energies and
loses the ion pair (or combined HNO3 and neutralized cation loss) at higher collisional
energies.119 Based on energy-resolved curves, dissociation of [(HEHN)2HEH]+ cluster is most
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likely a sequential process where HNO3 loss is followed by additional pathways, namely HEHN
loss, HEHN+HNO3 loss, and 2HEHN loss gradually with increasing collision energy.
Rodgers et al. investigated the effect of the chain length of 1-alkyl-3-methylimidazolium
IL cation on the absolute bond dissociation energies of [(Cnmim)2BF4]+ cationic cluster when n =
2,4,6, and 8 using threshold collision-induced dissociation (TCID) and complementary
computational study.120-121 In one study they found that the relative strength of binding of these
clusters is similar in magnitude to the average experimental uncertainty of the experiments.120
However, in another study, the relative bond energies found using mixed clusters,
[(Cnmim)BF4(Cn-2mim)]+, allowed for improved precision in determining the energies.121 In this
study they concluded that the binding energy increases when decreasing the chain length of the
imidazolium cation in subjected clusters. These absolute results are in agreement with the
relative experimental results obtained by Fernand et al. where the relative abundance of
[(Cnmim)m+1(A)m)]+ clusters increases when decreasing the chain length (n) if IL cations.115
Collision-induced dissociation (CID) of bare, imidazolium IL cations with different
substitutions such as alcohols,22 carboxylic acids,22 iodobenzyl, or iodobezoyl esters,22 sulfurcontaining groups, 23 and zwitterions45 have been investigated. Lesimple et al. investigated the
fragmentation patterns of imidazolium-based IL cations with different functionalization
including, alcohols, carboxylic acids, and iodobenzyl or iodobezoyl esters using multi-stage mass
spectrometry and deuterium-labeled studies.22 In this study, they concluded that the major
dissociation channel of the esters is determined by the number of methylene groups in between
the ester functional and the imidazolium ring. The charge transfer to the ester moiety is
predominant in the presence of shorter chains, and charge retention fragmentation is more
prevalent in the presence of longer chains.22 The same group conducted gas-phase studies on
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sulfur-containing imidazolium-based IL cations, in which they observed that the fragmentation
patterns depend on the oxidation state of the S, and the length of the alkyl side chain.23 The gasphase dissociation of imidazolium-based zwitterionic liquids including sulfonate functional at the
end of the aliphatic side chain undergo C-N bond cleavage at lower collision energies and C-C
bond cleavages at higher collision energies.45 Also, the relative intensity of the lowest energy
fragment ion (imidazolium ion) ions depends on the cone voltage and the length of the alkyl side
chain.
2.1.3

Thermal degradation of imidazolium-based ILs
The thermal stability of imidazolium-based ILs has been studied by Cao et al. using

thermogravimetric analysis.122 In this study, they found that thermal stability of ILs depends on
the structure of the cation and the anion type; the imidazolium cations with shorter alkyl side
chain and replacing C-H around the ring with methyl group can increase the thermal stability.
The introduction of allyl substitutions decreases the thermal stability of imidazolium-based IL
cations.122 However, imidazolium-based IL cations have higher thermal stability than other
studied cations, such as tetraalkylammoniums, piperidiniums, and pyridiniums. The same pattern
of thermal stability was observed in several other studies, concluding that the longer the chain
length decreases the thermal stability.123,124 Occurrence of unsaturation in the alkyl side chain
decreases the thermal stability compared to a saturated alkyl group, but increasing the distance
between the alkene and the N of the imidazole ring increases the thermal stability. Chan et al.
studied the thermal degradation of 1,3-disubstituted imidazolium iodides with different side
chains including, allyl, ethyl, benzyl, propyl, phenyl, and vinyl. The ILs were pyrolyzed for 0-51.5 h at 220-260 ℃and the volatile products were analyzed by gas chromatography and NMR. In
this study, the fastest bond dissociation was observed in allyl substituted imidazolium and no
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bond cleavage was observed for conjugated systems such as vinyl and phenyl from imidazolium
ring.125
In another study, the thermal decomposition of di- and trialkylimidazolium cations with
cyano functionalized anions has been studied experimentally by tunable vacuum ultraviolet
photoionization mass spectrometry, thermogravimetric analysis-mass spectrometry, and gas
chromatography-mass spectrometry.126 They observed that thermal degradation of these ILs
occurs primarily through two pathways, (1) deprotonation of the cation by the anion and (2)
dealkylation of the imidazolium by the anion.
2.1.4

The motivation for the current work

Even though dissociation pathways of some IL cations were studied in the literature, some
gaps still need to be filled to provide a more complete understanding of the dissociation
pathways of more cations and to explore the thermal degradation of ILs, including how the
heated MS source may affect observed mass spectra.
In this study, dissociation pathways of commercially-available imidazolium-based IL cations
with different side chains including, saturated and unsaturated aliphatic, aromatic, side chains
with hetero atoms, are investigated using positive mode electrospray ionization mass
spectrometry (ESI-MS) and CID. The thermodynamics of selected dissociation pathways were
calculated by performing density functional theory (DFT) calculations to support the
experimental results. The thermal degradation of some IL cations was determined with no effect
of the bound anion. The dissociation pathways of three positional isomers of pyridinium IL
cations were also studied. Portions of the work presented herein have been published.87
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2.2
2.2.1

Methods
Materials
1,2-Dimethyl-3-propylimidazolium bromide (99%), 1-allyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (>99%), 1-(2-hydroxyethyl)-3-methylimidazolium
tetrafluoroborate (>98%), 1- ethyl-3-vinylimidazolium tetrafluoroborate (> 95%), 1-(2methoxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (>98%), 1-benzyl-3methylimidazolium chloride (99%), 1-butyl-3-vinylimidazolium (95 %) chloride and 1-butyl-2methylpyridine-1-ium (99 %) were purchased from Io-li-tec (Heilbronn, Germany). 1-(4nitrophenyl) imidazole (98%) was purchased from Matrix Scientific (Columbia, SC). 4nitrobenzylamine hydrochloride (97%) was purchased from Alfa Aesar (Haverhill, MA). 1butyl-3-methylpyridine-1-ium (>98 %) was purchased from TCI (Portland, OR). 1-Butyl-4methylpyridine-1-ium (99 %) and 1-butyl-3-methylimidazolium chloride (98%) was purchased
from Sigma Aldrich (St. Louis, MO). HPLC-grade water, HPLC-grade methanol, and glacial
acetic acid were purchased from Fisher Scientific (Waltham, MA).
2.2.2

Thermo LTQ-XL ion trap mass spectrometry
Solutions of each IL were prepared to a concentration of ~20 µM in a 50:50 mixture of

HPLC-grade water and methanol. These solutions were then introduced to a Thermo LTQ-XL
mass spectrometer (San Jose, CA) via ESI at a 3.0 µL min-1 flow rate. The experiments were
started with source parameters: spray voltage of 3.0 kV, capillary voltage of 11.0 V, and tube
lens of 100.0 V and optimized accordingly to maximize signal intensity and stability for each
cation. The capillary temperature was set at 100 °C (except for thermal degradation studies).
Nitrogen gas was used as the nebulizing gas and helium gas was used as the collision gas. For
CID experiments, the bare cation was isolated and dissociated with normalized collision energies
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(NCE) typically falling into the range 10.0 to 30.0 NCE. Full scan CID mass spectra represent an
average of 100 scans.
Collision energy-resolved breakdown curves were recorded by stepping through NCE
values from 0.0 to 50.0 and plotting ion yields as a function of NCE. Breakdown curve data
points represent the average of 20 individual mass scans respectively. The yield of the precursor
was calculated using Equation 2.1
𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑖𝑜𝑛 =

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

(2.1)

The yield of the product ion(s) was calculated using Equation 2.2.

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑠) =

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑜𝑛(𝑠)
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

(2.2)

For capillary temperature effect experiments, full scan mass spectra were acquired with
100 scans at different capillary temperatures in the range of 100 to 450 °C for each 5 °C
increment. The yields of precursor ion and products were calculated using Equations 2.1, and 2.2
respectively, and plotted against capillary temperature.
2.2.3

Bruker micrOTOF-QII tandem mass spectrometry
Solutions of each ionic liquid were prepared to a concentration of ~2 µM in a 50:50

mixture of HPLC-grade water and methanol. These solutions were then introduced to a Bruker
micrOTOF-Q II mass spectrometer (Bruker Daltonics, Bremen, Germany) via ESI at a 5.0
µL/min flow rate. The capillary voltage was -4500.0 V. Nitrogen gas was used as both
nebulization and collision gas. The dry gas flow rate was kept at 4.0 L/min. The m/z of each
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cation was checked for agreement with the theoretical mass, the bare cation was isolated, and
then the ions were subjected to CID. Typically, the collision energy was between 5.0 to 30.0 eV
but was optimized for each cation. Each spectrum represents an average of ~240 scans.
2.2.4

Computational methods
The conformational space for each precursor ion, fragment ion, and neutral loss was

sampled and Gaussian input files were drafted for each conformer using Gabedit 2.5.0.127
Geometry optimization and frequency calculations were then performed at the M06-2X/6311++G** level of theory,128 using the Gaussian 09 suite of software.129 For each species, the
lowest-energy conformer identified was then used for further thermodynamic calculations of
reaction pathways. The coordinates of the species used in calculating the thermodynamics data
presented herein are provided in the SI of the related peer-reviewed article.130
2.3

Results and discussion

2.3.1 CID of 1,2-dimethyl-3-propylimidazolium
Figure 2.2a and 2.2b show the CID-MS spectra of 1,2-dimethyl-3-propylimidazolium in an
ion trap (LTQ-XL) and collision-cell (micrOTOF-Q II) respectively. In both instruments, a
straightforward fragmentation pathway was observed yielding predominant fragment ion via
neutral loss of C3H6. The dissociation of the C-N bond occurs via charge retention fragmentation,
where a proton is transferred to the N atom of the imidazolium moiety from the aliphatic side
chain leaving group. A similar dissociation pathway has previously been reported for pyrroles.131,
132

To cleave the C-N bond there should be more than one C atom in the side chain, thus loss of

the methyl group is not observed. This can be experimentally investigated using deuteriumlabeled methyl-substituted imidazolium cations.22
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Figure 2.2

Scheme 2.1

CID-MS spectra for 1,2-dimethyl-3-propylimidazolium in a) ion trap with NCE of
25 and b) collision-cell with CE of 15 eV

The proposed fragmentation pathway for 1,2-dimethyl-3-propylimidazolium, with
a proposed structure of the product ion and m/z values provided

Scheme 2.1 shows the proposed fragmentation pathway for 1,2-dimethyl-3propylimidazolium. The thermodynamics of this dissociation pathway and the imaginary path
where charge migration to the side-chain occurs were calculated theoretically and are compared
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in Table 2.1. The ΔG298 K of imaginary Path b is around four times higher than Path a, which
agrees with the fact that Path a is the path observed experimentally (Figure 2.2).
Table 2.1

Theoretical thermodynamics of unimolecular dissociation of 1,2-dimethyl-3propylimidazolium

Reaction
Path
a

Reaction

∆H0 K
(kJ/mol)
108

∆G298 K
(kJ/mol)
62

333

286

C8H16N2+ → C5H9N2+ + C3H6
b
C8H16N2+ → C6H8N2 + C3H6+
The energy-resolved curve of 1,2-dimethyl-3-propylimidazolium is shown in Figure 2.3.
Figure 2.3 shows that the neutral loss of C3H6 is not limited to one particular normalizedcollision energy (NCE) but is common in the range of 0-50 NCE. Fifty percent dissociation is
achieved at approximately NCE 25 and full conversion of the precursor to fragment ion is
achieved at NCE ~35.
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Figure 2.3
2.3.2

Energy-resolved curve for 1,2-dimethyl-3-propylimidazolium in the ion trap

CID of 1-allyl-3-methylimidazolium
Figure 2.4a and 2.4b show the CID-MS of 1-allyl-3-methylimidazolium in the ion trap

and collision-cell, respectively. These spectra show that CID becomes more complicated upon
the introduction of unsaturation to the aliphatic side group. If we observe only the C-N bond
cleavage observed in the case of the saturated substitution (Section 2.3.1), the fragment ion at
m/z 83 would be the only observed fragment, via neutral loss of C3H4. However, in addition to
this dissociation channel, two other channels were observed, via neutral loss of CH4 as the minor
channel and C2H4 as the major channel (overall) in both ion trap and collision cell. In contrast
with the observation of the loss of the entire substituent for the alkyl-substituted imidazolium
cation, the major dissociation channel observed for 1-allyl-3-methylimidazolium was from
neutral loss of C2H4 may be due to the formation of a more stable cation, a six-membered
aromatic ring through ring expansion (see Scheme 2.2).22
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Figure 2.4

CID-MS spectra for 1-allyl-3-methylimidazolium in a) ion trap with NCE of 27
and b) collision-cell with CE of 28.5 eV

Possible fragmentation pathways are shown in Scheme 2.2, and the thermodynamics of
the two competitive pathways were calculated and compared in Table 2.2. Charge retention
fragmentation occurs in both channels, with the difference being the structure of the final
product. The ΔG298 K of C2H4 (Table 2.2, Path c) loss pathway is 7 kJ/mol lower than the C3H4
(Table 2.2, Path d) loss pathway. Therefore, the loss of C2H4 is more thermodynamically favored
than the loss of C3H4, which is consistent with experimental intensities.
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Scheme 2.2
Table 2.2

The proposed fragmentation pathway for 1-allyl-3-methylimidazolium and m/z
values provided and m/z values provided
Theoretical thermodynamics of unimolecular dissociation reactions of 1-allyl-3methylimidazolium

Reaction
Path
c

Reaction

∆H0 K
(kJ/mol)
121

∆G298 K
(kJ/mol)
79

136

86

C7H11N2+ → C5H7N2++C2H4
d
C7H11N2+ → C4H7N2++C3H4
Energy-resolved extracted ion graphs are presented in Figure 2.5, showing how the yield
of C5H7N2+ (m/z 95, C2H4 loss, red solid dots) and C4H7N2+ (m/z 83, C3H4 loss, blue cross) changes
depending on NCE. Formation of neither C4H7N2+ nor C5H7N2+ was observed until NCE 22 and,
once the dissociation began, the yield of C5H7N2+ is always greater than the yield of C4H7N2+ ion.
Thus, Path c (loss of C2H4) is the experimentally favored pathway and that observation is not
specific to single collision energy.
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Figure 2.5

Extracted ion graphs of C5H7N2+ (red solid dots) and C4H7N2+ (blue crosses) arise
from CID of 1-allyl-3-methylimidazoliumn in the ion trap

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2020) John Wiley and Sons.
2.3.3

CID of 1-ethyl-3-vinylimidazolium
To further investigate the effect of unsaturation in more detail, two vinyl substituted IL

cations were subjected to CID in both ion trap and collision cell. This section deals with 1-ethyl3-vinylimidazolium and Section 2.3.4 deals with 1-butyl-3-vinylimidazolium.
Figure 2.6a and 2.6b show the CID-MS spectra of 1-ethyl-3-vinylimidazolium in the ion
trap and collision-cell, respectively. In ion trap CID-MS, four different fragment ions were
observed via neutral loss of CH4 (m/z 107), C2H4 (m/z 95), C3H6 (m/z 81), and C4H6 (m/z 69). The
major dissociation channel is a neutral loss of C2H4 due to C-N bond cleavage and transferring a
proton from the leaving group to the N atom. The loss of C4H6 was the minor channel observed
that should arise from the loss of both side chains, likely sequentially. However, this
fragmentation pathway was observed only in the ion trap but not observed in collision-cell at 16
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eV (Figure 2.6b), though even in the ion trap it is of very low relative intensity. Even at this
higher energy of 40 eV (Figure 2.6c) the loss of C4H6 was not observed but C3H6 loss appeared.

Figure 2.6

CID-MS spectra for 1-ethyl-3-vinylimidazolium in a) ion trap with NCE of 32 and
b) collision-cell with CE of 16 eV and c) collision cell with 40 eV
46

The MS3 of 1-ethyl-3-vinylimidazolium (Figure 2.7) in the ion trap shows that fragment
ion m/z 107 yields m/z 81 giving a consecutive loss of CH4 and C2H2, respectively. Loss of CH4 is
also observed in Section 2.2.2 in the presence of an allyl group where terminal double bond may
yield the CH4 loss.

Figure 2.7

MS3 of the m/z 107 fragment ion arising from the dissociation of 1-ethyl-3vinyllimidazolium.
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Scheme 2.3

The proposed fragmentation pathway for 1-ethyl-3-vinylimidazolium and m/z
values provided

Scheme 2.3 shows the possible fragmentation pathways of 1-ethyl-3-vinylimidazolium.
Loss of C2H2 was not observed directly from precursor ion, but its loss after the loss of CH4
(Figure 2.7), producing apparent loss of C3H6, is presumably the pathway to the observed m/z 81
product ion. Loss of C3H6 is presumably the pathway to the observed m/z 81 product ion. Loss of
CH4 is hypothesized to yield a six-membered ring via ring expansion and then consecutive loss
of C2H2 can occur, to produce the m/z 81 ion shown in Scheme 2.3. It was curious why the loss
of C2H2 was not observed directly from the precursor ion. To answer this question
thermodynamic calculations were carried out for side-chain loss pathways and compared in
Table 2.3. Loss of C2H2 and C2H4 (also shown in Scheme 2.3) are two competitive pathways,
and ∆G298 K of the C2H2 loss pathway is predicted to be 33 kJ/mol greater than the loss of C2H4.
The C5H7N2+ (m/z 95, loss of C2H4) produced via Path e may be more stable than C5H9N2+ (loss
of C2H2) produced via imaginary Path f due to conjugation. Further, the ∆G298 K of loss of both
side chains (Path g) is 111 kJ/mol greater than the loss of just the saturated aliphatic side chain
(Path e).
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Table 2.3
Reaction
Path
e

Theoretical thermodynamics of unimolecular dissociation reactions of 1-ethyl-3vinylimidazolium
Reaction

∆H0 K
(kJ/mol)
119

∆G298 K
(kJ/mol)
76

148

109

269

187

C7H11N2+ → C5H7N2+ + C2H4
f
C7H11N2+ → C5H9N2+ + C2H2
g
C7H11N2+ → C3H5N2+ + C2H2 + C2H4

The yield of C5H7N2+ (m/z 95) and C3H5N2+ (m/z 69) obtained via loss of C2H4 and
C2H4+C2H4 are compared in Figure 2.9 in the range of 0-50 NCE showing our observations are
not limited to one particular NCE. The formation of both C5H7N2+ and C3H5N2+ fragment ions
begin at NCE ~24, hereafter yield of C5H7N2+ is always higher than the yield of C3H5N2+. It
should be noted that ion trap CID resonantly excites the precursor ion.
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Figure 2.8

2.3.4

Energy-resolved extracted ion graphs of the C5H7N2+ (red solid dots) and C3H5N2+
(blue crosses) product ions arising from CID of 1-ethyl-3-vinylimidazolium in the
ion trap

CID of 1-butyl-3-vinylimidazolim
Figures 2.9a and 2.9b show the CID-MS of 1-butyl-3-vinylimidazolium in the ion trap

and collision-cell respectively. In both cases, a straightforward dissociation pathway was
observed to yield C5H7N2+ (m/z 95) ion via neutral loss of C4H8. This pathway occurs through
charge retention fragmentation which is observed in Section 1.3.1. The loss of CH4 was not
observed even at higher collision energies though it contains a terminal double bond. Loss of
C2H2 from the vinyl side chain was also not observed even at higher collision energies.
Figure 2.10 shows the energy-resolved curve for 1-butyl-3-vinylimidazolium which
illustrates C4H8 was the only observed neutral loss normalized-collision energy in the range of 050. The 50% dissociation is achieved at NCE around 26 and full conversion of the precursor to
fragment ion is achieved at NCE ~36.
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Figure 2.9

MS2 spectra for 1-butyl -3-vinylimidazolium in a) ion trap with NCE of 26.5 and
b) collision-cell with CE of 15 eV

Figure 2.10

Energy-resolved curve for 1-butyl-3-vinylimidazolium in the ion trap
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The possible dissociation pathway for the observed pathway (loss of C4H8) is shown in
Scheme 2.4. Complementary thermodynamic calculations for observed pathway, and imaginary
pathways (loss of C2H2 and loss of C2H2+C4H8) pathways are compared in Table 2.4. The theory
shows that ∆G298 K for loss of C2H2 (Path i) is 40 kJ/mol greater than the loss of C4H8 (Path h),
claiming that Path h is the most thermodynamically favorable pathway, consistent with it being
the one observed experimentally.

Scheme 2.4
Table 2.4
Reaction
Path

The proposed fragmentation pathway for 1-butyl-3-vinylimidazolium and m/z
values provided
Theoretical thermodynamics of unimolecular dissociation reactions of 1-butyl-3vinylimidazolium
Reaction

h

∆H0 K
(kJ/mol)

∆G298 K
(kJ/mol)

114

66

145

106

264

175

C9H15N2+ → C5H7N2+ + C4H8
i
C9H15N2+ → C7H13N2+ + C2H2
j
C9H15N2+ → C3H5N2+ + C2H2 + C4H8
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2.3.5

CID of 1-benzyl-3-methylimidazolium
Next, aromatic substituted imidazolium-based IL cations are considered, starting with 1-

benzyl-3-methylimidazolium. Figures 2.11a and 2.11b show the CID-MS spectra for 1-benzyl-3methylimidazolium in the ion trap and collision-cell, respectively. In both ion trap and collisioncell, the aromatic hydrocarbons yield a straightforward dissociation channel via neutral loss of
the imidazole ring upon C-N bond cleavage. This is a charge migration reaction that contradicts
the charge retention fragmentation that typically occurred in aliphatic substituted imidazoliumbased IL cations. A similar phenomenon has been previously observed for the 2-substituted
pyrrole derivatives.132 Thus, this may be generalizable among N-heterocycles common within
ionic liquids.
The energy-resolved curve for 1-benzyl-3-methylimidazolium shown in Figure 2.12,
illustrates the loss of the imidazole ring is the only possible fragmentation pathway and is
observed at normalized-collision energy in the range of 0-50. The 50% dissociation is achieved
at NCE ~23 and full conversion of the precursor to fragment ion is achieved at NCE ~32.
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Figure 2.11

CID-MS spectra for 1-benzyl-3-methylimidazolium in a) ion trap with NCE of
21.5 and b) collision-cell with CE of 15 eV

Figure 2.12

Energy-resolved curve for 1-benzyl-3-methylimidazolium in the ion trap
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Scheme 2.5

The proposed fragmentation pathway for 1-benzyl-3-methylimidazolium and m/z
values provided

Scheme 2.5 shows the fragmentation pathway of 1-benzyl-3-methylimidazolium, with a
proposed product ion structure, the stable tropylium ion. Computational thermodynamics (Table
2.5) confirmed the stabilizing effect of the formation of the tropylium ion over phenylmethelium
ion (Path k over Path l), consistent with the known stability of the tropylium ion.133 Specifically,
∆G298 K for Path l is 24 kJ/mol greater than ∆G298 K of Path k.
Table 2.5

Theoretical thermodynamics of unimolecular dissociation reactions of 1-benzyl-3methylimidazolium

Reaction
Path

Reaction

k

∆H0 K
(kJ/mol)

∆G298 K
(kJ/mol)

250

203

281

227

C11H13N2+ → C7H7+ + C4H6N2
l
C11H13N2+ → C7H7+ + C4H6N2

2.3.6

CID of 1-(4-nitrophenyl)imidazolium
Figures 2.13a and 2.13b show the CID-MS of 1-(4-nitrophenyl)imidazolium in an ion

trap and collision-cell respectively. In the ion trap, the neutral loss of NO and NO2 was observed
with no cleavage of the C-N bond between the imidazole ring and the aromatic side chain. This
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suggests that the presence of the -CH2 linker is essential to losing the imidazole ring, as was
observed in the benzyl substituted cation. The neutral loss of NO and NO2 was previously
observed in the literature, indeed the loss of NO is believed to occur via nitro to nitrite
rearrangement.134, 135, 136
In addition to NO and NO2, apparent neutral loss of N was observed in collision-cell CID
yielding intense signal (Figure 2.13b). The nature of this signal (whether representing a
rearrangement or an artifact) has not been fully characterized. The use of 14N substitution could
help shed light on this question but was beyond the scope of this work.

Figure 2.13

CID-MS spectra for 1-(4-nitrophenyl)imidazolium in a) ion trap with NCE of 22.5
and b) collision-cell with CE of 20 eV
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The possible fragmentation pathways of 1-(4-nitrophenyl)imidazolium are shown in
Scheme 2.6. The thermodynamics of possible dissociation pathways are calculated and compared
in Table 2.6. The ∆G298 K for the NO2 loss pathway is 167 kJ/mol greater than the ∆G298 K of the
NO loss pathway. Thus, loss of NO is more thermodynamically favorable than NO2 loss path.

Scheme 2.6
Table 2.6
Reaction
Path

The proposed fragmentation pathway for 1-(4-nitrophenyl)imidazolium and m/z
values provided
Theoretical thermodynamics of unimolecular dissociation reactions of 1-(4nitrophenyl)imidazolium
Reaction

∆H0 K
∆G298 K
(kJ/mol) (kJ/mol)

m

99

53

272

220

C9H8N3O2+ → C9H8N2O+ + NO

n
C9H8N3O2+ → C9H8N2+ + NO2

The energy-resolved extracted ion graphs shown in Figure 2.14 show how the yield of
C9H8N2O+ (m/z 160, loss of NO), and C9H8N2+ (m/z 144, loss of NO2) ions vary with increasing
normalized collision energy in the range of NCE 0-50. Both C9H8N2O+ and C9H8N2+ being
produced at NCE around 18, and the yield of C9H8N2O+ is always greater than the yield of
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C9H8N2+ illustrating that loss of NO2 is always experimentally more favorable than the loss of
NO. Since experimental results cannot be explained by thermodynamic calculations,
investigation of the transition state calculations is likely required to fully explain these
observations, though they are beyond the scope of this work.

Figure 2.14

2.3.7

Extracted ion graphs of C9H8N2+ (red solid dots) and C9H8N2O+ (blue crosses)
arise from CID of 1-(4-nitrophenyl)imidazolium in the ion trap

CID of 4-nitrobenzylammonium
Figure 2.15a and 2.15b show the CID-MS of 4-nitrobenzylammonium in the ion trap and

collision-cell, respectively. In both ion trap and collision-cell, the 4-nitrobenzylammonium
cation dissociates primarily via loss of ammonia, presumably to produce a nitrotropylium ion,
consistent with the results from 1-benzyl-3-methylimidazolium dissociation. Additional loss of
NO is also observed. Further dissociation (MS3) of the ammonia loss product ion exhibits loss of
NO, a characteristic fragment ion for the nitrobenzyl moiety (Figure 2.16), indicating a
sequential pathway to m/z 106 in the MS/MS spectrum. Notably, neither the MS2 nor MS3
showed evidence of NO2 loss.
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Figure 2.15

CID-MS spectra for 4-nitrobenzylammonium in a) ion trap with NCE of 13 and b)
collision-cell with CE of 7 eV
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Figure 2.16

MS3 of the m/z 136 fragment ion (assigned as NH3 loss) with NCE of 14 arising
from the dissociation of 4-nitrobenzylammonium with NCE of 16. * Indicates the
position of the peak if NO2 loss occurs from m/z 136.

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2020) John Wiley and Sons.
The possible dissociation paths of 4-nitrobenzylammonium are shown in Scheme 2.7.
Thermodynamics for the formation of C7H6NO2+ ion via loss of NH3 (Path o) and formation of
C7H6O+ via combined loss of NH3 and NO (Path p) are calculated and compared in Table 2.7.
The ∆G298 K for Path p is 15 kJ/mol greater than Path o. As Path o is the major dissociation
channel observed in CID-MS of 4-nitrobenzylammonium the theoretical results agree with the
experimental results.
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Scheme 2.7
Table 2.7
Reaction
Path

The proposed fragmentation pathway for 4-nitrobenzylammonium and m/z values
provided
Theoretical thermodynamics of unimolecular dissociation reactions of 4nitrobenzylammonium
Reaction

o

∆H0 K
(kJ/mol)

∆G298 K
(kJ/mol)

184

144

246

159

C7H9N2O2+ → C7H6NO2+ + NH3
p
C7H9N2O2+ → C7H6O+ + NH3 + NO
The extracted ion graphs of C7H6NO2+ (m/z 153, NH3 loss, red solid dots) and C7H6O+
(m/z 106, NO loss, blue crosses) are shown in Figure 2.17. The formation of both ions begins at
NCE ~10 and the yield plateaus at NCE ~22 for C7H6NO2+ and NCE ~18 for C7H6O+.

61

Figure 2.17

2.3.8

Extracted ion graphs of C7H6NO2+ (red solid dots) and C7H6O+ (blue cross) arise
from the CID of 4-nitrobenzylammonium in the ion trap

CID of 1-(2-hydroxyethyl)-3-methylimidazolium
Figure 2.18a and 2.18b show the CID-MS spectra of 1-(2-hydroxyethyl)-3-

methylimidazolium in ion trap and collision cell respectively. In the ion trap, two different
dissociation channels were observed. The major dissociation channel was the loss of C2H4O and
the minor channel was the loss of H2O, yielding corresponding fragment ions C4H7N2+ (m/z 83)
and C6H9N2+ (m/z 109), respectively. In addition to these two dissociation pathways, the CID in
collision-cell yields the fragment ion C5H7N2+ (m/z 95) via the loss of CH3OH with even lower
relative intensity than the H2O loss path. The formation of such a fragment ion, C5H7N2+, was
reported in the literature at higher collision energies.22 The possible structures of fragment ions
of 1-(2-hydroxyethyl)-3-methylimidazolium are shown in Scheme 2.8.
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Figure 2.18

CID-MS spectra for 1-(2-hydroxyethyl)-3-methylimidazolium in a) ion trap with
NCE of 23.8 and b) collision-cell with CE of 21.5 eV
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Scheme 2.8

The proposed fragmentation pathway for 1-(2-hydroxyethyl)-3methylimidazolium and m/z values provided

The extracted ion graphs of C4H7N2+ (m/z 83, C2H4O loss, red solid dots) and C6H9N2+
(m/z 109, loss of H2O, blue crosses) are shown in Figure 2.19 and are consistent with
independent (as opposed to sequential) dissociation pathways under these conditions. This
suggests that theoretical modeling of the pathways as independent mirrors the actual
experiments, at least for the case of ion trap CID (Table 2.8, Path q and r). ∆G298 K for Path r is
23 kJ/mol greater than Path q, consistent with the relative intensities observed experimentally.
Table 2.8

Theoretical thermodynamics of unimolecular dissociation reactions of 1-(2hydroxyethyl)-3-methylimidazolium

Reaction
Path

∆H0 K
∆G298 K
(kJ/mol) (kJ/mol)

Reaction

q
+

56

2

68

25

+

C6H11N2O → C4H7N2 + C2H4O
r
C6H11N2O+ → C6H9N2+ + H2O
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Figure 2.19

Extracted ion graphs of C4H7N2+ (red solid dots) and C6H9N2+ (blue crosses) arise
from CID of 1-(2-hydroxyethyl)-3-methylimidazolium in the ion trap

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2021) John Wiley and Sons.
2.3.9

CID of 1-(2-methoxyethyl)-3-methylimidazolium
Figures 2.20a and 2.20b show the CID-MS of 1-(2-methoxyethyl)-3-methylimidazolium

in the ion trap and collision cell, respectively. In both instruments, the major dissociation channel
was observed via neutral loss of C3H6O due to cleavage of the C-N bond and transferring a
proton from leaving the group to the N atom. This bond cleavage is very similar to the
phenomena observed in the saturated aliphatic group. Dissociation can also occur elsewhere in
the substituent chain, with minor losses of CH3OH, and C2H4O observed in the experimental
spectra. However, loss of C4H4N2 was observed only in ion trap CID forming C3H7O+ (m/z 59)
ion through charge migration reaction contradictory to other reaction pathways.
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Figure 2.20

CID-MS spectra for 1-(2-hydroxyethyl)-3-methylimidazolium in a) ion trap with
NCE of 25 and b) Collision-cell with CE of 23.5 eV

The possible structures of fragment ions of 1-(2-methoxyethyl)-3-methylimidazolium are
shown in Scheme 2.9. DFT calculations sown in Table 2.9 suggest that the formation of the
imidazolium fragment ion (Path s) requires considerably less energy input than the competing
loss of the imidazole as a neutral (Path t)—consistent with it being greatly preferred
experimentally.

66

Scheme 2.9
Table 2.9

The proposed fragmentation pathway for 1-(2-methoxyethyl)-3methylimidazolium
Theoretical thermodynamics of unimolecular dissociation reactions of 1-(2methoxyethyl)-3-methylimidazolium

Reaction
Path

∆H0 K
∆G298 K
(kJ/mol) (kJ/mol)

Reaction

s

100

48

307

252

C7H13N2O+ → C4H7N2+ + C3H6O
t
+

+

C7H13N2O → C3H7O + C4H6N2
The complementary extracted ion graphs of C4H7N2+ (m/z 83, C3H6O loss, red solid dots)
and C3H7O+ (m/z 59, C4H6N2 loss, blue crosses) arise from ion CID of 1-(2-methoxyethyl)-3methylimidazolium is presented in Figure 2.21. Figure 2.21 shows that the formation of C4H7N2+
and C3H7O+ begins at NCE ~19 and the yield of C4H7N2+ ion is always greater than the yield of
C3H7O+ ion beyond that point.
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Figure 2.21

Extracted ion graphs of C4H7N2+ (red solid dots) and C3H7O+ (blue cross) arise
from CID of 1-(2-methoxyethyl)-3-methylimidazolium in the ion trap

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2021) John Wiley and Sons.
Notably, loss of CH3OH from the methoxyethyl-substituted cation (Figure 2.20a) and
loss of water from the hydroxyethyl substituted cation (Figure 2.18a) hypothetically both form a
structurally identical product ion, C6H9N2+ (m/z 109). MS3 for the two respective product ions
was performed (Figure 2.22), and, in both cases, dissociation occurred by loss of C2H4. This is
consistent with the two primary product ions having the same structure.
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Figure 2.22

MS3 of the m/z 109 fragment arising from dissociation of (top) 1-(2methoxyethyl)-3-methylimidazolium and (bottom) 1-(2-hydroxyethyl)-3methylimidazolium.

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2021) John Wiley and Sons.
2.3.10

The Effect of capillary temperature
Commercial mass spectrometers, especially those typically coupled to HPLC systems

(where solvent flow rates are relatively high) are often operated at relatively high capillary
temperatures ~ 250-275 °C during experiments. At these temperatures, the absolute signal
intensity observed for precursor ions was initially negligible in ESI full scan mass spectra.
During tuning for signal, we observed that with the reduction of capillary temperature, there was
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an increase in the signal intensity of the precursor ion. In-source thermal degradation of 1benzyl-3-methylimidazolium and 1-(2-hydroxyethyl)-3-methylimidazolium were studied. Figure
2.23a shows how the signal intensity of the precursor ion, 1-benzyl-3-methylimidazolium, and its
fragment ion, presumably the tropylium ion (m/z 77) changes with capillary temperature. Figure
2.23b shows how the absolute intensity of 1-(2-hydroxyethyl)-3-methylimidazolium and its
product ions C4H7N2+ (m/z 83) and C6H9N2+ (m/z 109), where the red solid dots indicate how the
sum of the intensities of the product ions change with capillary temperature. Figure 2.23c and
2.23d show the same data, as calculated yields, to account for signal fluctuations.
In thermal degradation experiments, the full scan mass spectra were collected at different
capillary temperatures, keeping the other parameters constant such that there was a single
variable. Since the solvent evaporation rates from the charged droplets and the actual
temperature within the source depend on other source parameters these results are more
qualitative than quantitative. As we observed decay in the signal intensity of the bare cation at
higher source temperatures, the optimum source parameters should be carefully selected in
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analytical method development processes.

Figure 2.23

Absolute intensities of precursor (black crosses) and the product (red dots) ions as
a function of capillary temperature for (a) 1-benzyl-3-methylimidazolium and (b)
1-(2-hydroxyethyl)-3-methylimidazolium. Thermal-induced degradation yields of
precursor depletion (black crosses) and as product ion appearance (red dots) as a
function of capillary temperature for (c) 1-benzyl-3-methylimidazolium and (d) 1(2-hydroxyethyl)-3-methylimidazolium.

Reprinted (adapted) with permission from De Silva, M.; Brown, A. C.; Patrick, A. L., Thermaland collision-induced dissociation studies of functionalized imidazolium-based ionic liquid
cations. J. Mass Spectrom. 2020, 55 (9), e4518. Copyright (2021) John Wiley and Sons.
Thermal degradation of materials (including ionic liquids) in the bulk phase is often
quantified by thermogravimetric analysis (TGA) using a calculated quantity, Tonset. While this
value is believed to underestimate ionic liquid thermal decomposition in TGA, since mass loss
can occur prior to thermal degradation due to loss of anion bound water molecules, for
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example,122,137 it is a decent quantity to evaluate for our system, especially when looking at
relative values. In our experiment, the Tonset was determined by extrapolating the tangent of the
degradation curve of the precursor ion to the point where it intersects with the x-axis. Values of
~253°C for 1-benzyl-3-methylimidazolium and ~245°C for 1-(2-hydroxyethyl)-3methylimidazolium were determined. These results are unique in that they measure the inherent
stability of the cation, without contributions from the anion, and may be a fruitful area for future
pursuits.
2.4

Importance of CID-MS in the analytical field.
From an analytical perspective, key findings from this work can be used to differentiate

isomers, for instance, 1-butyl-3-methylimidazolium and 1,2- dimethyl-3-propylimidazolium
cations. Since both isomers have aliphatic substituents the product ions will be formed via
neutral loss of aliphatic side chain with more than one C atom upon cleavage of C-N bond.
Collision-cell CID-MS spectra of 1-butyl-3-methylimidazolium and 1,2- dimethyl-3propylimidazolium are shown in Figure 2.24a and 2.24b, respectively. Dissociation of 1-butyl-3methylimidazolium produces fragment ion at m/z 83 via loss of C4H8 and ,2- dimethyl-3propylimidazolium produces fragment ion at m/z 97 via loss of C3H6.
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Figure 2.24

Collision cell CID-MS of a) 1-butyl-3-mehtylimidazolium with CE of 20 eV and
b) 1,2-dimethyl-3-propylimidazolium with CE of 15 eV.

The differentiation of positional isomers is likely more challenging. To test this,
pyridinium positional isomers were investigated by CID-MS experiments. The CID-MS of 1butyl-2-methylpyridine-1-ium (Figure 2.25a), 1-butyl-3-methylpyridine-1-ium(Figure 2.25b),
and 1-butyl-4-methylpyridine-1-ium (Figure 2.25c), were collected in collision-cell and ion trap.
In all cases, the aliphatic side chain bound to the N atom in the pyridinium ring leaves via neutral
loss of C4H8 upon transferring a proton from the leaving group to form a C6H8N+ product ion at
m/z 94.
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Figure 2.25

CID-MS for a) 1-butyl-3-methylpyridine-1-ium b) 1-butyl-2-methylpyridine-1ium, c) 1-butyl-4-methylpyridine-1-ium in collision-cell (left panel) and ion trap
(right panel)

Given these similarities, product ions alone would not allow for isomer differentiation.
For further investigations, collision-energy resolved curves of pyridinium isomers were collected
and compared, see Figure 2.26. The results show that all three isomers yield 50% of the fragment
ion at similar NCE values, thus providing no differentiation. Therefore, those pyridinium
isomers cannot be differentiated by ESI-MS/MS. Complementary approaches, such as the use of
ion mobility mass spectroscopy (IMS), may shed light on differentiating pyridinium isomers.
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Figure 2.26

2.5

Energy-resolved curves for a) 1-butyl-3-methylpyridine-1-ium, b) 1-butyl-2methylpyridine-1-ium, c) 1-butyl-4-methylpyridine-1-ium in ion trap. The blue
solid line shows the ~NCE requires to achieve 50% of the yield of product ions
which remains very similar to all three isomers.

Conclusions
In this chapter, gas-phase CID and thermal degradation of imidazolium-based ionic liquid

cations with different side chains are discussed. Our conclusions can be made based on thermal
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degradation, different dissociation pathways depending on aliphatic and aromatic
functionalization, and functional groups such as vinyl, allyl, alcohol, and methoxy.
In general, commercial instruments are often run at relatively high capillary temperatures
of ~275 °C to achieve higher electrospray efficiency with improved solvent evaporation and
cation desolvation. Our experimental results conclude that the use of such capillary temperatures
for at least some ionic liquids reduces the signal intensity due to degradation. For ionic liquid
cations, it is often important to use lower capillary temperatures, around ~100 °C under the
experimental conditions used herein, to achieve maximum intensity. Considerations should be
made when developing analytical methodologies for their characterization. This could have more
far-reaching implications, too. For instance, when imidazolium-based ILs are used as
electrospray propellants in spacecraft propulsion, thermal degradation at normal operating
temperatures may lead to a decrease in the mass of the ejected particles, affecting performance.
For hydrocarbon-only sidechains, those containing alkyl groups readily dissociate via
loss of the substituent to produce the protonated imidazolium backbone as a stable fragment ion.
On the other hand, aromatic substituted cations yield stable aromatic fragment ions via neutral
loss of the imidazole ring. This charge migration reaction is also observed in methoxy substituted
cation as a minor channel. However, neutral loss of the imidazole as a major dissociation channel
may be a good indicator to identify aromatic substituents. The nitrophenyl substituents lend
further insights into this scenario, showing that a CH2 linker is necessary for the cleavage
between the basic charge carrying group and the aromatic sidechain to occur. Loss of NO and/or
NO2 was observed from nitrophenyl substituents. The diverse fragmentation pathways were
observed for the cations containing allyl, vinyl, and methoxy substituents.
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Understanding dissociation and degradation pathways of ionic liquid cations are important to
predicting the dissociation pathways of novel synthetic IL cations in the future and identifying
the potential fate of cations ejected into space by electrospray thrusters.
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CHAPTER III
DIFFERENCES IN THE GAS-PHASE DISSOCIATION PATHWAYS OF LITHIATED
HYDROXYPROLINE ISOMERS
3.1 Introduction
3.1.1 Hydroxyproline isomers and their applications
Hydroxyproline (hPro) is an amino acid derivative resulting from the hydroxylation of
proline. Biologically, hPro is a major component of one of the most abundant mammalian
proteins, collagen, where it plays an important role in stabilizing the triple helix structure.138,139
Quantitation of hPro content in plasma and urine is an indicator for collagen catabolism and
possibly a biomarker for related diseases.140,141,142 There are several biologically occurring
hydroxyproline isomers, including cis-3-hydroxyproline(c3hPro), cis-4-hydroxyproline (c4hPro),
trans-3-hydroxyproline(t3hPro), and trans-4-hydroxyproline(t4hPro). t4hPro is the major form
present in collagen in both vertebrates and invertebrates143 and t3hPro is the predominant form
in basement membrane collagen, or type IV collagen.144 Apart from the role of hPro in collagen,
c4hPro can be found in oats, ryes, and wheat with elevated concentrations, thus serving as a
potential biomarker for consumption of those grains by other organisms,145 and c3hPro can be
found in telomycin,146-147 an antibiotic originally isolated from Streptomyces.148 In addition to
these natural occurrences, hydroxyproline also serves as a scaffold for the synthesis of some
pharmaceuticals, such as carbapenem antibiotics and antispastic agents.149,150
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3.1.2 Mass spectrometry-based hydroxyproline isomer differentiation
Various attempts have been made to differentiate between various hPro isomers on mass
spectrometry platforms. CID-MS of the protonated species is insufficient, with dissociation
typically occurring via loss of CH2O2 regardless of the isomer.151-152 Gas- and liquid
chromatography,153-157 infrared multiple photon dissociation (IRMPD) spectroscopy158-160 and
ion mobility spectrometry161-163 have been reported for differentiation of various isomer pairs or
groups. Reverse-phase HPLC coupled to mass spectrometry, with precolumn derivatization, has
been used for separation of c3hPro and c4hPro,164 and separation and quantification of t3hPro
and t4hPro isomers in tissue hydrolysates.165 More recently, baseline separation of c4hPro and
t4hPro isomers was achieved using traveling wave ion mobility spectrometry (TWIMS) mass
spectrometry when these isomers were complexed with Li+ ion, implying that their lithium
adducts have distinct isomer-dependent gas-phase conformers.166 Infrared ion spectroscopy has
been applied to both the protonated stereoisomers of 4hPro,167-169 which allowed for
differentiation based on distinct spectra in the fingerprint region including the C=O stretch
appearing at 1700 cm-1 for the t4hPro and 1750 cm-1 for the c4hPro isomer,151 and the lithiated
adducts of c3hPro, c4hPro, and t4hPro, for which the C=O stretch appears at 1734, 1718, and
1640 cm-1, respectively.152
For the lithiated case (both TWIMS and IRMPD spectroscopy studies), complementary
computational chemistry studies showed that the trans isomer adopted a salt-bridge structure and
the cis isomer adopted a more compact charge-solvated structure.152, 166 This finding is part of a
more extensive literature on fundamental studies of amino acid-alkali metal ion binding inducing
different gas-phase conformers, either charge solvated or salt bridge structures.170-173
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The structures of neutral c3hPro, c4hPro, t3hPro, t4hPro, and their lithium adducts are
shown in Figure 3.1. The structures (charge solvated versus salt bridge) of lithiated c3hPro,
c4hPro, t4hPro are supported by the theory, and the structure of lithiated t3hPro is extrapolated
based on current literature.152, 166

Figure 3.1

The neutral structures of cis-3-hydroxyproline (a), cis-4-hydroxyproline (b), trans3-hydroxyproline (c), trans-4-hydroxyproline (d) and the gas-phase structures of
lithiated cis-3-hydroxyproline-[c3hPro+Li]+ (e), and lithiated cis-4hydroxyproline-[c4hPro+Li]+ (f), trans-3-hydroxyproline-[t3hPro+Li]+ (g), trans4-hydroxyproline-[t4hPro+Li]+ (h)

To construct infrared ion spectra, laser-induced dissociation mass spectra must be taken at
each wavenumber step. Upon investigation of these laser-induced dissociation mass spectra, it is
clear that [c3hPro+Li]+and [c4hPro+Li]+ have distinct dissociation spectra.152 Understanding
these differences is the central goal of the present work.
3.1.3 CID-MS and computational studies of amino acids
In general, fundamental studies of amino acid dissociation pathways have been wellreported in the literature.26, 174-179 CID-MS has been applied in several studies to better
understand metal binding to amino acids and the dissociation pathways of the resulting
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adducts.180-186 DFT studies for determining activation energy barriers of unimolecular
dissociation pathways of protonated amino acids are common,187-189 whereas, similar studies for
metal ion-amino acid complexes are less abundant, but still well-represented in the literature.88,
190-192

Experimental and theoretical bond dissociation energies of proline and alkali metal (Li+,

Na+, and K+) complexes have been determined using threshold collision-induced dissociation
experiments and ab initio calculations.193 As the binding energy of Li+ with amino acid is
relatively high when compared to Na+ and K+ complexes, additional decomposition pathways
can be observed in addition to the loss of intact neutral amino acid.194-195 Transition state
calculations and thermodynamics for the dissociation pathways of Li+-Ser,196 Li+-Thr,196 and Li+Cys197 were previously investigated to elucidate their dissociation mechanisms.
The energetics for the dissociation of Li+-Ser and threonine pathways including neutral
losses of H2O, CO2, and corresponding aldehyde (formaldehyde from serine and acetaldehyde
from threonine) were studied.196 In Li+-Ser, the most kinetically favorable pathway is the loss of
water, and acetaldehyde loss is the most kinetically favorable pathway in Li+-Thr. In both Li+Ser and Li+-Thr, the lowest activation energy pathway for water loss involves the transfer of a
proton from the amino group to the hydroxyl group of the side chain using the carboxylic acid
group as a shuttle to produce lithiated aziridine-ring containing product ion. The lowest energy
pathway for CO2 loss involves the transfer of carboxylic acid proton to the amine nitrogen atom
followed by C-C bond cleavage to release CO2 from alpha C. The lowest energy pathway for
aldehyde loss involves the transfer of hydrogen atom of the side chain hydroxyl group to amine
nitrogen atom followed by C-C bond cleavage.196
In the cysteine study, energetics, and mechanism of deamination of Li+-Cys were
investigated by the same group.197 Four different product ion structures were proposed, including
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3-mercaptopropanoic acid, thioacetaldehyde-2-carboxylic acid, thiirane-carboxylic acid, and 3mercapto-α-propiolactone that could be produced via NH3 loss. This work presented complete
potential energy surface (PES) calculations for each proposed pathway, as well as experimental
energy-resolved CID. Through a detailed examination of several potential pathways, the lowest
activation energy pathway was found to involve hydrogen atom transfer from carboxylic acid
group to the amino group followed by backside attack of the thio group at Cα to induce C-N bond
cleavage, ultimately yielding thiirane-carboxylic acid as the product ion.197
3.1.4 Motivation for the current work
In the present study, CID-MS is used to confirm the dissociation pathways of
[c3hPro+Li]+ and [c4hPro+Li]+ isomers, which had previously been observed by infrared laserinduced dissociation mass spectrometry. Computational chemistry is then used to model the
reaction mechanisms for some dissociation pathways, including loss of H2O, CO, and CO2.
Finally, rationalizations are presented, based on structures of precursor ions and transition state
predictions, as to why we observe distinct dissociation pathways in [c3hPro+Li]+ versus
[c4hPro+Li]+ isomers.
3.2 Materials and methods
3.2.1 Materials
cis-3-hydroxy-L-proline, cis-4-hydroxy-L-proline, trans-3-hydroxy-L-proline, trans-4hydroxy-L-proline, and lithium chloride were purchased from Santa Cruz Biotechnology (Dallas,
TX). HPLC-grade water and HPLC-grade methanol were purchased from Fisher Scientific
(Waltham, MA). All chemicals were used as received, without any further purification.
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Stock solutions (~1 mM) of each isomer were prepared in 80:20 MeOH:H2O (% v/v).
These stock solutions were then spiked with lithium chloride and diluted with methanol to a final
concentration of ~20 µM hPro and ~120 µM lithium chloride. This dilute solution is the “spray
solution” introduced into the mass spectrometer. The amount of lithium chloride added was
tuned to optimize the intensity of the lithiated precursor ion under the specific experimental
conditions used for this work.
3.2.2 Mass spectrometry
Experiments were performed on a Bruker micrOTOF-Q II mass spectrometer (Bruker
Daltonics, Bremen, Germany). Spray solutions were introduced to the electrospray source via
direct infusion at a rate of 5.0 µL/min. Typical source parameters were as follows: endplate
offset set to -500.0 V, capillary voltage of 4.5 kV, nebulizer gas pressure at 1.4 bar, the dry gas
flow rate of 1.6 L/min, and dry gas temperature of 200 °C, though some tuning of these
parameters was performed day-to-day to optimize signal intensity and stability. Nitrogen gas was
used as both nebulizer and dry gas.
Mass spectra were acquired in the m/z range of 50-2000, for 30 seconds at a frequency of
2.0 Hz (for a total of 60 individual spectra averaged for each shown CID-MS spectrum). For CID
experiments, precursor ions were mass-selected with an isolation window of 3 m/z, nitrogen was
the collision partner, and collision energies were chosen individually for each isomer to achieve
the desired level of dissociation, typically falling into the range of 4.0 to 17.0 eV.
The CID spectra for breakdown curves were collected in the energy range of 0.0 to 40.0
eV in steps of 1.0 eV. The breakdown curves were plotted as ion yield versus collision energy,
where the yield was calculated by dividing the integrated intensity of each ion by the sum of the
integrated intensities of all products and precursor ions as shown in Equation 3.1.
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𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑖𝑜𝑛
(3.1)
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
The maximum yield of each dissociation channel was calculated from a Gaussian curve
𝐼𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 =

fit to the experimentally extracted ion data. The experimental turn-on collision energy was
calculated by extrapolating the curve fit at 3% and 1% of parent ion dissociation (these values
were chosen based on the shape of curves) in [c3hPro+Li]+and [c4hPro+Li]+, respectively.198
3.2.3 Computational methods
The low-energy conformers of [c3hPro+Li]+ and [c4hPro+Li]+ have been previously
reported.152 These optimized geometries were used as starting points for the mechanistic
investigation presented herein. Transition state calculations were performed using the QST2
method, as implemented in the Gaussian 09129 suite of software with B3LYP/6-31++G(d,p) level
of theory. This level of theory was chosen because it has previously been used for hPro152, 166 and
is known to be appropriate in modeling other amino acids and peptides.199-200 Input files for these
transition state calculations and intermediates, neutral losses, and products were drawn using
Agui 10.1.9 software, licensed by Semichem, Inc. (Shawnee, KS).
It was verified that each transition state has one imaginary frequency, and all
intermediates, neutral losses, and products are vibrationally stable (zero imaginary frequencies).
The geometry of each transition state was further examined by performing the intrinsic reaction
coordinate (IRC) calculations to verify that it follows the required reaction pathway toward
reasonable intermediates within each overall reaction pathway. The input files for IRC
calculations were drawn in Agui 10.1.9. software and submitted to Gaussian 09129 for the IRC
calculation. Potential energy diagrams are scaled relative to the lowest energy conformer of
[c4hPro+Li]+, which is the global low energy isomer.
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Thermodynamics calculations for each reaction are determined by calculating the energy/
enthalpy difference between final products and reactants. The enthalpies/Gibbs free energies
used for these calculations are from the Gaussian output file of the lowest energy conformer of
each relevant species.
3.3 Results and discussion
3.3.1 Collision-induced dissociation of hydroxyproline isomers
The dissociation pathways of [c3hPro+Li]+and [c4hPro+Li]+upon laser-induced
dissociation mass spectrometry (LID-MS) have previously been published.152 It was found that
losses of H2O, CO, and CO2 were observed in LID-MS of [c4hPro+Li]+ isomer, whereas H2O
and CO loss were not observed in LID-MS of [c3hPro+Li]+. Here, CID-MS is first used to
confirm these distinct dissociation pathways.
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Figure 3.2

CID-MS spectra at optimal collision energies. CID-MS spectra for (a)
[c3hPro+Li]+ at 10 eV, (b) [c4hPro+Li]+ at 17 eV, (c) [t3hPro+Li]+ at 8 eV and (d)
[t4hPro+Li]+ at 14 eV

Figures 3.2(a)-3.2(d) show the CID-MS spectra of [c3hPro+Li]+, [c4hPro+Li]+,
[t3hPro+Li]+, and [t4hPro+Li]+, respectively. In all spectra, the precursor ion (lithiated hPro) is
present at m/z 138 and its water adduct, [hPro+Li+H2O]+ is observed at m/z 154 which is formed
after mass selection—no further mass purification could be performed due to the nature of the qToF system. This water adduct was formed in the ion trap LID-MS experiment previously
reported,152 but in that case, the ion trap could be used to remove it before laser irradiation. The
distinct dissociation pathways observed were the same in both experiments, suggesting that this
water adduct had little to no effect on the ultimate MS/MS spectra (this is likely because the
water adduct would dissociate back into the precursor ion channel upon activation).
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Figure 3.2a presents the CID-MS of [c3hPro+Li]+ with product ions observed at m/z 94,
76, and 70. Based on precursor ion structure, neutral losses, and commonly known dissociation
patterns in amino acids, these product ions can be assigned as loss of CO2, CO2+H2O, and CO2
+LiOH, respectively. Thus, it seems that CO2 loss is the first step in all three cases.
The CID-MS spectrum [c4hPro+Li]+ is shown in Figure 3.2b. In this case, product ions
are observed at m/z 120, 110, 94, 92, 86, 76, and 68. These are assigned as loss of H2O, CO,
CO2, CO+H2O, CO2+LiH, CO2+H2O, and CO2+H2O+LiH, respectively. The m/z 110 ion (loss of
CO) is the predominant ion among three major primary dissociation channels (losses of CO,
CO2, and H2O).
The CID-MS spectra of [c3hPro+Li]+ and [c4hPro+Li]+ at lower collision energy are
compared in Figure 3.4a and 3.4b. In CID-MS of [c3hPro+Li] +, the only primary dissociation
channel observed was CO2 loss which is also the predominant channel. In CID-MS of
[c4hPro+Li]+, three primary dissociation channels are observed where the loss of CO is the
predominant channel. Thus, it can be concluded that H2O and CO losses are observed only in
CID-MS of [c4hPro+Li]+ isomer but not [c3hPro+Li]+ isomer. It is noteworthy that CO2+H2O
was observed in [c3hPro+Li]+ though, suggesting that water loss does occur, but only after
carbon dioxide loss even at lower collision energy (Figure 3.3a).
To understand whether these differences are common to positional isomers, the CID-MS
spectra of [t3hPro+Li]+ and [t4hPro+Li]+ are collected and compared with CID-MS spectra of
[c3hPro+Li]+ and [c4hPro+Li]+ in Figure 3.2c and d. Figure 3.2c shows that H2O loss is not
observed and that CO loss and CO2 loss were observed in the CID-MS of lithiated t3hPro.
However, all three major primary dissociation pathways of H2O, CO, and CO2 were observed in
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CID-MS spectra of [t4hPro+Li]+. The CID-MS spectra t3hPro and t4hPro at low collision
energies are shown in Figures 3.3c and 3.3d, respectively.
CID-MS spectra of [c3hPro+Li]+ and [t3hPro+Li]+ are relatively similar at low collision
energies as CO2 loss was the only primary loss, but at higher collision energies CO loss also was
observed in CID-MS of [t3hPro+Li]+. CID-MS spectra of [c4hPro+Li]+ and [t4hPro+Li]+ are
very similar both at lower and higher collision energies.

Figure 3.3

CID-MS spectra at lower collision energies. CID-MS spectra for (a) [c3hPro+Li]+
at 4 eV and (b) [c4hPro+Li]+ at 10 eV, (c) [t3hPro+Li]+ at 3 eV and (d)
[t4hPro+Li]+ at 6 eV

To more completely investigate these dissociation behaviors, energy-resolved CID of
[c3hPro+Li]+, [c4hPro+Li]+, [t3hPro+Li]+, and [t4hPro+Li]+, were measured and are shown in
Figure 3.4(a)-3.4(d), respectively. There are some major differences in energy-resolved curves of
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positional isomers. For instance, the predominant fragment ion produced in the higher collision
energies (>30 eV) of [c3hPro+Li]+ and [t3hPro+Li]+ isomers is m/z 70, corresponding to loss of
CO2 +LiOH, but in [c4hPro+Li]+ and [t4hPro+Li]+ isomers the dominant high energy product ion
is the m/z 68 peak, corresponding to loss of CO2+H2O+LiH. The onset collision energies of m/z
70 in [c3hPro+Li]+ and [t3hPro+Li]+ isomers lies in the lower collision energy range (less than
10 eV), and the onset collision energy of the m/z 68 [c4hPro+Li]+ and [t4hPro+Li]+ isomers lies
at higher collision energy region (greater than 10 eV). Thus, the positional isomers can also be
differentiated by energy-resolved CID.

Figure 3.4

The energy resolved curves for (a) [c3hPro+Li]+, (b) [c4hPro+Li]+, (c)
[t3hPro+Li]+, and d) [t4hPro+Li]+
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Given that the main isomer differentiation power by CID-MS is between [c3hPro+Li]+
and [c4hPro+Li]+ based on the presence/absence of neutral losses of H2O, CO, CO2, CO +H2O,
and CO2+H2O, these lower collision energy channels were extracted and plotted separately.
These energy-resolved extracted ion plots are presented in Figure 3.5.
The loss of water and CO from [c3hPro+Li]+ was not observed even at higher collision
energies, and loss of CO2 is the only path observed among primary dissociation channels (H2O,
CO, and CO2). Though water loss was not observed directly from [c3hPro+Li]+ (Figure 3.5a,
column 1), it can be observed after or simultaneously with CO2 loss (Figure 2e, column 1).
In [c4hPro+Li]+, losses of H2O, CO, and CO2 were observed, with the loss of CO being
the predominant path. It should be noted that the losses of CO and CO2 are competitive pathways
(involving the same atoms), and CO loss is the most favorable (based on ion intensities observed
experimentally) in [c4hPro+Li]+ (in contrast to the favorable CO2 loss observed for
[c3hPro+Li]+).
The extracted ion plots for H2O, CO, CO2, CO+H2O, and CO2+H2O loss channels from
[t3hPro+Li]+and [t4hPro+Li]+ isomers are shown in Figure 3.5 (third column) and 3.5 (fourth
column). Among primary dissociation channels, losses of H2O, CO, and CO2, were observed in
[t4hPro+Li]+, and loss of CO is more favorable than the loss of CO2. In [t3hPro+Li]+, loss of
H2O was not observed similarly in [c3hPro+Li]+, and losses of CO and CO2 were observed with
a similar dissociation yield.
Differences in CID-MS pathways are observed between positional isomers; whereas
previously reported metal ion binding motif (salt bridge versus charge solvated) differences were
observed between cis/trans isomers. Thus, differences in metal-binding motif must not be the
driving force behind these observed CID-MS differences. Thus, there must be other structure90

driven differences in either thermodynamic or activation barriers controlling the dissociation
pathways.

This figure compares the CID-MS spectra of lithiated hydroxyproline isomers. This figure is
discussed in page 84.

Figure 3.5

Extracted ion graphs for a) H2O b) CO c) CO2 d) CO+H2O e) CO2+H2O losses in
lithiated c3hPro (column 1), lithiated c4hPro (column 2), lithiated t3hPro (column
3), lithiated t4hPro (column 4)

3.3.2 Computational study
Complementary computational chemistry calculations were performed to pursue a
chemical rationale for the observed differences in dissociation pathways between the positional
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isomers of cis-hydroxyproline upon lithiation (discussed in Sections 3.3.2.1 and 3.3.2.2). These
results are summarized in Table 3.1.
Table 3.1

Thermodynamics and activation energy of the rate determining step of
unimolecular dissociation pathways of [c3hPro+Li]+ and [c4hPro+Li]+.

Neutral loss

Reaction
Path

Activation energy of
rate determining
step (kJ/mol)

Theoretical
Thermodynamics
(kJ/mol)

Experimental
Observations
Turn
on
CE
(eV)

∆H0 K
(kJ/mol)

∆G298 K
(kJ/mol)

∆H0 K
(kJ/mol)

∆G298 K Maximum
(kJ/mol)
yield

Path c3A
Path c3B
Path c3C

292.11
220.04
304.44

290.17
220.51
305.81

94.24
67.75
234.42

51.10
21.77
192.61

Path c3D

158.40

158.45

0.00

0.00

Path c3C

304.44

305.81

201.99

111.62

Path c3E

309.96

308.37

84.37

23.90

Path c3E

309.96

308.37

201.58

111.78

Path c3F

158.40

158.45

0.06

-61.02

0.10

1.55

Path c3F

158.40

158.45

115.23

26.15

0.14

1.41

Path c3G

306.39

305.42

6.98

-37.54

Path c4A
Path c4B
Path c4C
Path c4D

248.93
228.69
310.17
229.11

246.10
227.95
310.04
225.95

83.23
86.71
247.73
86.71

37.26
39.53
204.93
39.53

0.05

1.85

Path c4D

316.11

316.45

138.25

49.08

Path c4E 199.99

192.50

90.03

29.63

0.11

2.42

Path c4E

199.99

192.50

207.09

117.14

0.07

3.04

Path c4F

307.56

306.66

25.95

-19.78

0.03

3.07

c3hPro
[M+Li]-H2O
[M+Li]-H2O
at TS3
[M+Li]H2O-CO
[M+Li]-CO
[M+Li]-COH2O
[M+Li]-CO2
[M+Li]CO2-H2O
[M+Li]-CO2
c4hPro
[M+Li]-H2O
[M+Li]H2O-CO2
[M+Li]-CO
[M+Li]-COH2O
[M+Li]-CO2
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From these numbers alone, one can surmise that the most kinetically and
thermodynamically favorable reaction path in [c3hPro+Li]+ is the loss of CO2 via Path c3F; CO2
loss is also the experimentally most favorable. In [c4hPro+Li]+, the most kinetically favorable
path is loss of CO via Paths c4E and the thermodynamically favorable path is loss of CO2 via
Path c4F; the loss of CO is the experimentally favorable. The maximum yields and the turn-on
collision energies of experimentally observed paths are also given in Table 3.1. As turn-on
collision energy for loss of CO2 is greater than CO in [c4hPro+Li]+, loss of CO is more
experimentally favored than CO2 loss; this is an agreement with activation energy calculations.
3.3.2.1 Computational results for [c4hPro+Li]+
3.3.2.1.1

The H2O loss pathway

Elimination of a water molecule from hydroxyproline could hypothetically proceed from
the hydroxyl group of carboxylic acid or the hydroxyl group of the side chain. Four different
pathways for water loss from [c4hPro+Li]+ (labeled Path c4A, c4B, c4C, and c4D in Scheme
3.1) were proposed and the theoretical energetics for each of those pathways were calculated.
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Scheme 3.1

Proposed reaction pathways for primary H2O loss from [c4hPro+Li]+

The energy diagram for Path c4A and Path c4B where H2O loss occurs through cis-1,2elimination are shown in Figures 3.6a and 3.6b, respectively. In Path c4A, cis-1,2-elimination
occurs following a transfer of alpha carbon-hydrogen to the side-chain hydroxyl group, and in
Path c4B, cis-1,2-elimination following a transfer of non-alpha carbon-hydrogen to the hydroxyl
group of side-chain through a four-membered transition state yielding 2,3-dehydro proline and
4,5-dehydro proline complexes, respectively. The activation energy for the rate-determining step
of the Path c4A is ~18 kJ/mol greater than that of Path c4B. Therefore, the loss of H2O via Path
c4B is more kinetically favorable than Path c4A.
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Figure 3.6

Reaction coordinate for the H2O loss via (a) Path c4A and (b) Path c4B from
[c4hPro+Li]+

The reaction steps for Path c4C are shown in Scheme 3.1a and the energy diagram for
Path c4C is shown in Figure 3.7. The reaction mechanism of Path c4C is very similar to the retro
Koch reaction in which translocation of a proton from the amine group to the carboxylic group
yields loss of H2O which is previously reported by several groups.187,190, 201 This pathway results
in the formation of 1-azabicyclo [3,1,0] compound with a ketone group in the structure
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(c4CIM2). Once the H2O molecule is dissociated, a CO molecule can be lost from c4CP1 to
produce the more stable c4CP2. The activation energy for the rate-determining step of the Path
c4C is ~82 kJ/mol greater than that of Path c4B. Loss of water through Path c4C is neither
thermodynamically nor kinetically favorable when compared to Paths c4A and c4B.

Figure 3.7

Reaction coordinate for the H2O loss via Path c4C from [c4hPro+Li]+

Among water loss pathways for [c4hPro+Li], Path c4D is the most kinetically favorable
pathway. In this pathway, the proton on the carboxylic group is transferred to the hydroxyl group
of the side chain (see Scheme 3.1). However, the most thermodynamically favorable path is Path
c4A. The PES for Path c4D is shown in Figure 3.8a. In c4DTS1, the hydroxyl hydrogen of the
carboxylic group rotates to a trans position relative to the carbonyl group to form the c4DIM1
intermediate. The second transition state, c4DTS2, is the rate-determining step of this pathway,
which is a concerted process, in which protons transfer reactions occur through a six-membered
transition state. At c4DST2, the carboxylic proton is transferred to the side chain hydroxyl group
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forming a water molecule, simultaneously transferring the proton at the C3 position to the
carboxylate group to form a double bond between C3 and C4 positions. This theoretically lowest
activation energy barrier pathway is thus hypothesized to be the actual active pathway and
explains the observation of product ion peak at m/z 120 corresponding to water loss.
Notably, unlike the cases where water loss occurs from the carboxylic acid, further loss
of CO2 would be possible for the product ion arising from Path c4D (since the carboxylic acid is
intact). This is important because the H2O+CO2 loss ion is experimentally observed at m/z 76 at
higher collision energies. As shown in Figure 3.8b, sequential loss of CO2 after H2O loss requires
~316 kJ/mol at c4DTS3.
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Figure 3.8

3.3.2.1.2

Reaction coordinate for the (a) H2O loss and (b) H2O+CO2 loss via Path c4D from
[c4hPro+Li]+
The CO and CO2 loss pathways

As loss of CO and CO2 are competitive dissociation pathways, both occurring from the
carboxylic acid group, it is worthwhile to discuss thermodynamics and activation energy barriers
for these paths simultaneously. The proposed reaction mechanisms for loss of CO (Path c4E) and
CO2 (Path c4F) from c4hPro are shown in Scheme 3.2a and 3.2b, respectively, and the PES for
the loss of CO and CO2 are shown in Figure 3.9a and 3.9b, respectively.
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Scheme 3.2

Proposed reaction pathways for primary (a) CO loss, and (c) CO2 loss from
[c4hPro+Li]+

In Path c4E (CO loss pathway, Figure 3.9a), the rate-determining step is c4ETS2, where
the activation energy barrier is ~192 kJ/mol. In c4ETS2, a concerted process occurs where the
CO molecule releases from the carboxylic acid moiety, transferring the carboxylic hydroxyl
group to Li+ ion, and at the same time the amino H is transferred to the hydroxyl group to form a
water molecule, c4IM2. In c4IM2, a water molecule and the CO molecule are loosely bound to
the Li+ ion. The sequential loss of water molecule could also possible to produce c4EP2.
In Path c4F (Figure 3.9b), simple bond dissociation and formation occurs through a fourmembered ring at the rate-determining step (c4FTS2). c4FTS2 involves transfer of carboxylic
hydrogen atom to backbone C atom followed by C-C bond cleavage, causing CO2 loss.
CO loss is the most kinetically favorable pathway and CO2 loss is the most
thermodynamically favorable dissociation channel in [c4hPro+Li]+. The activation barrier of the
rate-determining step of Path c4E (loss of CO) is ~114 kJ/mol lower than the Path c4F (loss of
CO2) explaining the experimental results (where CO loss was experimentally favored).
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Figure 3.9

Reaction coordinate surface for (a) the CO loss via Path c4E and (b) CO2 loss via
Path c4F from [c4hPro+Li]+.

3.3.2.2 Computational results for [c3hPro+Li]+
3.3.2.2.1

The H2O loss pathway

Four different reaction pathways for water loss from [c3hPro+Li]+ were proposed,
similarly to those for [c4hPro+Li]+, and are shown in Scheme 3.3. It was first hypothesized that
perhaps water loss was not observed in CID-MS spectra of [c3hPro+Li]+ as c3hPro does not
100

contain alpha H cis to the side-chain hydroxyl group. Therefore, PESs for cis-1,2-elimination
(Path c3A and c3B) reactions are discussed first.

Scheme 3.3

Proposed reaction pathways for (a) water loss (b) the formation of water only at
transition state from [c3hPro+Li]+.

In path c3A, water loss occurs via cis-1,2 elimination where water loss occurs from the
side-chain hydroxyl group and the alpha hydrogen. In c3hPro, there’s no available alpha
hydrogen that is cis to the hydroxyl group. Thus, conformational changes must take place before
proton transfer from alpha C to the hydroxyl group. The PES for Path c3A is shown in Figure
3.10a. The rate-determining step of Path c3A involves a four-membered transition state
(c3ATS2) that requires ~292 kJ/mol. In Path c3B, cis-1,2 elimination occurs through transferring
non-alpha H to hydroxyl group through a four-membered transition state (c3BTS1). The PES for
Path c3B is shown in Figure 3.10b, the rate-determining step requires ~221 kJ/mol which is ~70
kJ/mol lower than that for Path c3A. Based on theoretical results shown in Table 3.1, Path c3B is
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both more thermodynamically and kinetically favorable than Path c3A. Therefore, the reason for
not observing water cannot be explained using cis-1,2-elimination reactions.

Figure 3.10

Reaction coordinate surface for the H2O loss via (a) Path c3A and (b) Path c3B
from [c3hPro+Li]+.

Path c3C is then proposed similar to retro Koch reaction and is shown in Scheme 3.3a.
The PESs for Path c3C are shown in Figures 3.11. In Path c3C, translocation of a proton from
the amine group to the carboxylic group yields loss of H2O which is previously reported by
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several groups.187,190, 201 The activation barrier for the rate-determining step is 306 kJ/mol that is
85 kJ/mol greater than Path c3B.

Figure 3.11

Reaction coordinate surface for the H2O loss via Path c3C from [c3hPro+Li]+.

In Path c3D, only a formation of a water molecule at the transition state was observed
with a structural rearrangement through transferring carboxylic acid proton to the hydroxyl group
of the side chain as shown in Scheme 3.3b. Even though transition state calculations (Figure
3.12) were performed for loss of water via Path c3D similar to Path c4D (the most kinetically
favorable path observed in [c4hPro+Li]+), a net loss of water molecule was not observed from
[c3hPro+Li]+ as the carboxylic group and the hydroxyl group is located close enough to each
other for back-and-forth proton transfer from hydroxyl group to carboxylate group to occur
instead of water loss.
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Figure 3.12

Reaction coordinate for the formation of H2O at transition state via Path c3D in
[c3hPro+Li]+

To better understand the underlying reason water loss is not observed from lithiated
c3hPro, the intramolecular donor-acceptor bond length of possible H bonding was determined at
the transition state corresponding to back-and-forth proton transfer reaction, and listed in Figure
3.13. The donor-acceptor bond distance of the transition state structure for Path c4D is around
2.82 Å attributing to a moderate electrostatic interaction, whereas Path c3D is around 2.43 Å
attributing to a mostly covalent interaction which can hinder the complete removal of a water
molecule through Path c3D.202 However, water loss can occur from [c3hPro+Li]+ if CO2 loss
occurs prior to water loss as now carboxylate group is not available to accept the proton
transferred from hydroxyl group (see CO2 loss from [c3hPro+Li]+section). Also, the donoracceptor bond distance is now 2.64 Å at the transition state structure of Path c3F which can
release the H2O molecule out of the structure due to moderate electrostatic interactions.
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Figure 3.13

3.3.2.2.2

The transition state structures for the proton transfer step from carboxylic acid
group to hydroxyl group at the side chain in Path c4D, c3D, and c3F. The donoracceptor bond distance for possible intramolecular H bond formations and some
other bond distances are listed in each Table.
The CO and CO2 loss pathways

In this section, the theoretical and structural reasons for having only CO2 loss from
c3hPro among three major dissociation pathways are investigated. The proposed reaction
mechanism for the hypothetical loss of CO is shown in Scheme 3.4a and the PES for CO loss is
shown in Figure 3.14a. In Path c3E, the amino proton is transferred to the hydroxyl group of the
carboxylic acid and simultaneous loss of CO occurs yielding a water-bound intermediate c3IM2.
The rate-determining step of Path c3E requires ~308 kJ/mol.
The loss of CO2 could occur through either Path c3F or Path c3G as shown in Scheme
3.4b. In Path c3F, the hydroxyl proton of the carboxylic acid is transferred to the side-chain
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hydroxyl group, allowing C-C bond cleavage to occur, with loss of the CO2 molecule. The PES
for Path c3F for loss of CO2 is shown in Figure 3.14b. The energy barrier for the ratedetermining step of Path c3F is only 158 kJ/mol. The proposed dissociation mechanism and PES
for Path c3G are shown in Scheme 3.4b and 3.14c, respectively. In Path c3G, simple bond
dissociation and formation occurs through a four-membered ring at the rate-determining step,
with an energy barrier of 305 kJ/mol. Since the energy barrier of Path c3F is ~147 kJ/mol lower
than Path c3G, path c3F is the theoretically favored Path of CO2 loss. The activation energy
barrier for the rate-determining step of Path c3F is ~150 kJ/mol lower than Path c3E (CO loss)
pathway, result in CO2 loss being more kinetically favorable than CO loss which agrees with
experimental results.

Scheme 3.4

Proposed reaction pathways for (a) CO loss and (b) CO2 loss from [c3hPro+Li]+.

From the energy values listed in Table 3.1, Path c3F is the most thermodynamically and
kinetically favorable pathway among all other pathways discussed for c3hPro, thus shields the
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occurrence of other major paths of CO or H2O. For Path c3D, Path c3E, and Path c3F the first
transition state is the same (c3DTS1=c3ETS1=c3FTS1) and the activation barrier of TS1 is 158.45
kJ/mol which is ~62 kJ/mol lower than the Path c3B. Therefore, when it overcomes the TS1
activation barrier and forms the intermediate c3FIM1 (c3DIM1=c3EIM1=c3FIM1), it will go
through the least energetic pathway, Path c3F. In Path c3F activation energies for the next two
steps are lower than the first step. In c3FTS2, the carboxylic moiety rotates around the C-C axis,
and the location of the Li+ ion changes similarly in c3TS2 in Path c3D. In c3FTS3, the proton at
carboxylic acid is transferred to the hydroxyl group of the side chain and the carboxylate group
dissociates from the proline moiety through a six-membered transition state. The C-C bond
dissociation of the carboxylate group at the transition state increases the donor-acceptor bond
distance from 2.43 Å (Path c3D) to 2.64 Å (Path c3F) leading to formation of water and CO2
bound intermediate, c3FIM3. Once c3FIM3 is produced, it can either lose CO2 or water to
produce c3FP1 or c3FP1’, respectively as shown in Figure 3.14b. However, the loss of CO2 is
more thermodynamically favorable than the loss of H2O as shown in Figure 3.14b. The change in
Gibbs free energy for loss of CO2 is -61.02 kJ/mol and for loss of water is -8.44 kJ/mol, that
agrees with the experimental results. To provide structural insight for not observing the direct
loss of H2O loss from c3hPro via path c3F, the Li-O bond lengths of Li-OH2 and Li-OCO in
c3FIM3 were measured and compared in Figure 3.15. The Li-OCO bond length is 0.07 longer
than the Li-OH2 bond length resulting in a stronger bond between water and Li+ ion. Because of
this, we don’t observe water loss from c3hPro, however, water loss can be observed after CO2
loss. Higher water affinities to Li+ ion may be the reason for observing water-bound lithiated
amino acid ion at m/z 156 even in CID-MS of [c3hPro+Li]+and [c4hPro+Li]+.
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Figure 3.14

Reaction coordinate surface for (a) for CO loss via c3E and (b) CO2+H2O loss via
c3F from [c3hPro+Li]+and CO2 loss via Path c3G from [c3hPro+Li]+.
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Figure 3.15

The Li-OCO and Li-OH2 bond distance of c3FIM3 formed in the Path c3F.
Thermodynamic calculations for loss of CO2 and loss CO from [c3hPro+Li]+ are
listed in the table.

3.4 Conclusions
In this chapter, the differences in the CID pathways of lithiated hydroxyproline isomers
including c3hPro, c4hPro, t3hPro, and t4hPro were studied. According to our results, CID-MS of
[c4hPro+Li]+ shows three initial fragmentation pathways, namely the neutral losses of H2O, CO,
and CO2; whereas CID-MS of [c3hPro+Li]+ shows only loss of CO2 in this same region. Among
these three pathways, loss of CO2 is the major channel in [c3hPro+Li]+, and loss of CO is the
predominant channel in [c4hPro+Li]+. The losses of H2O, CO, and CO2 were also observed in the
CID-MS of [t4hPro+Li]+ whereas H2O loss was not observed in the CID-MS of [t3hPro+Li]+.
The reasons for such differences in major dissociation channels observed in CID-MS were
explained by conducting thermodynamic and kinetic calculations for the loss of H2O, CO2, and
CO from [c3hPro+Li]+ and [c4hPro+Li]+.

109

The experimental observations can be described by transition state calculations, and our
results show that the primary reaction paths are kinetically controlled. The activation barriers for
loss of H2O, CO, and CO2 in [c4hPro+Li]+ are 225.95, 192.50, and 306.66 kJ/mol, respectively.
Therefore, loss of CO is the predominant channel observed in [c4hPro+Li]+. The activation
barriers for primary dissociation pathways for loss of H2O, CO, and CO2 in [c3hPro+Li]+ are
220.04, 308.37, and 158.45 kJ/mol, respectively. Thus, the loss of CO2 is the only primary
channel observed in [c3hPro+Li]+. In [c3hPro+Li]+, water loss occurs only after or
simultaneously with CO2 loss, otherwise, the back and forth proton transfer from the carboxylate
group to the hydroxyl group forms water molecule only at the transition state, resulting in no net
loss of water in the CID spectrum due to strong intramolecular H bond formation. The good
agreement between theoretical and experimental results suggests that reaction mechanisms have
been reasonably elucidated, though more sophisticated experiments would be necessary to
experimentally confirm the mechanisms predicted by theory. These results provide useful data
for better understanding the fundamentals of amino acid dissociation when adducted with a metal
cation, including differences between closely related isomers. Furthermore, this shows that CIDMS of lithiated hydroxyproline isomers may be a useful approach to analytical characterization
and differentiation between the two isomers
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CHAPTER IV
CHARACTERIZATION OF SYNTHETIC MONOMERS BY ATMOSPHERIC PRESSURE
CHEMICAL IONIZATION-MASS SPECTROMETRY (APCI-MS)
A portion of this work has been previously published in Narayanan, G.; Faradizaji, B.;
Mukeba, K. M.; Shelar, K. E.; De Silva, M.; Patrick, A.; Donnadieu, B.; Smith, D. W.,
Perfluorocyclohexenyl (PFCH) aromatic ether polymers from perfluorocyclohexene and
polycyclic aromatic bisphenols. Polym. Chem. 2020, 11 (31), 5051-5056.
4.1

Introduction
Mass spectrometry (MS) is useful as a characterization technique, including for novel

synthetic organic compounds,203-205 natural compounds,2, 206-212 pharmaceuticals,213-215, and their
corresponding reactants.216-217 MS can provide both chemical identity and structural information,
with the selection of the appropriate ionization technique, mass analyzer, and experimental
approach. Electrospray ionization (ESI) is a very common ion source for compounds that either
(a) have a permanent charge (e.g., a quaternary amine, most ionic liquid cations) or (b) easily
incorporate a charge carrier (e.g., compounds with basic or acidic sites are readily
protonated/deprotonated, some functional groups readily bind to metal cations). It follows that
ESI has some limitations for analyzing moderately polar or non-polar analytes. For such
analytes, alternative ionization approaches, such as atmospheric pressure chemical ionization
(APCI) and atmospheric pressure photoionization (APPI), are often more appropriate. Therefore,
it is important to adequately match the ionization source with the analyte of interest.
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The study presented in this chapter was conducted with goals of (1) developing a suitable
method for obtaining high-resolution mass spectra of a class of compounds not suitable for ESIMS provided from a collaborator’s laboratory (Smith Laboratory at Mississippi State University)
and (2) evaluating the experimental parameters most important for the successful operation of
APCI for the same group of compounds. Publication quality mass spectra (with mass accuracies
of ~5 ppm or less)218 were obtained and were included in a published research article.216
4.1.1

Synthetic polymers and their monomer building blocks
Novel synthetic polymers are fabricated in an attempt to achieve enhanced properties

compared to currently commercially available polymers.219 In this chapter, monomers including
polycyclic aromatic hydrocarbon (PAH) derived perfluorocycloalkene monomers and their
precursors, PAH bisphenol monomers, which can undergo either addition or polycondensation
are discussed.216 The specific structures of these PAH perfluorocycloalkene monomers (A-H)
and their precursors (P-S) are shown in Figure 4.1. The precursors are composed of either
acenaphthene (P and Q) or phenanthrene (R and S) PAH with or without a carbonyl group
attached to the PAH moiety. The characterization of these monomers was essential prior to
polymer synthesis for confirming monomer identity. Such characterization can be achieved using
several complementary analytical techniques, including mass spectrometry. Mass spectrometrybased characterization is the focus of the remainder of this chapter.
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Figure 4.1

4.1.2

The structures of PAH perfluorocycloalkene monomers with (monomer B, D, F,
H) and without (monomer A, C, E, G) a carbonyl group, and their precursors with
(monomer Q, S) and without (monomer P and R) a carbonyl group; carbonyl
groups, where present, are highlighted in pink

Previous mass spectrometric studies of PAHs and related compounds
While the specific monomers analyzed in this chapter have not previously been studied

by mass spectrometry, the backbone PAHs have been characterized extensively by mass
spectrometry. In general, PAHs are non-charged, nonpolar compounds, composed of two or
more fused aromatic rings where electrons are delocalized among the fused structure.220 The
structures of some simple PAHs containing two and three-ring structures (including
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phenanthrene and acenaphthylene, the backbones of the monomers investigated in this chapter)
are shown in Figure 4.2. The absence of acidic or basic functional groups such as carboxylic acid
or amine groups makes PAHs not readily ionizable in electrospray ionization through
protonation/deprotonation.

Figure 4.2

The structures of PAHs with two rings (naphthalene) and three rings (anthracene,
phenanthrene, and acenaphthylene)

In previous studies, PAHs and related compounds have been well-studied by APCI and
APPI MS-based methods.203,221,222,223 In positive ion mode, both molecular ion and protonated
ion forms of PAHs can be detected, where the ratio of I[M+H]+ /IM+● depends on utilized source
conditions and solvent /mobile phase.224,225 In negative ion mode, molecular (M-●), [M-H]-, or
[M-2H]- ion forms were observed for hydroxy-PAHs.226
In an analytical study, a mixture of twelve nitrated and nine oxygenated PAHs in soot
particle samples were analyzed with no ion suppression or enhancement effect observed from the
sample matrix (based on comparisons to standard measurements) using APCI-MS in negative ion
mode.223 In this study, they observed either [M]-● or [M-H]- as the major peak in the mass spectra
for all compounds studied. Among the 21 analyzed compounds, 18 compounds formed
molecular ion ([M]-●) as the predominant peak due to their electrophilic character and capability
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of delocalizing or stabilizing the excess electron, maintaining their aromaticity, and three
compounds, namely 2-fluorenecarboxaldehyde, 5-nitroacenaphthene, and 2-nitrofluorene,
produced the deprotonated ion ([M-H]-) as the predominant ion. Addition of an electron to the
cyclic ring structure via deprotonation increases the aromatic character and stabilizes the
structure.223
In another study, eight hydroxy-PAHs were analyzed by HPLC coupled to APCI and ESI
separately, comparing two ionization sources. In APCI, all PAHs were observed in either
positive ion mode via proton addition or negative ion mode via proton abstraction. In negative
ion mode, [M-2H]- ion was also observed for 9-hydroxyfluorene.226 However, only six hydroxyPAHs were observed by either positive or negative mode ESI. Since ion formation in ESI occurs
in the condensed-phase and APCI occurs in the gas-phase, the analytes may have better gasphase acidity/basicity when compared to condensed-phase acidity/basicity.
In addition to PAHs, APCI has been used to analyze pesticides,204 flavonoids,227,209
steroids,210,207 lipids,208 and polymer additives217 in different studies. When APCI-MS is coupled
to gas or liquid chromatography, the optimization of APCI source parameters is a critical step
before the experiments to achieve better LOD for analytes.204,210,224
4.1.3 The effect of solvent on APCI-MS ion signal
The effect of solvent, or mobile phase when coupled to LC, on APCI-MS signal intensity
and the ratio of (de)protonated ion (sometimes referred to as “quasi-molecular” or “pseudomolecular” ion) to molecular ion intensities of PAHs and related compounds have been
previously studied.228, 203, 221 McCarry et al. analyzed high-molecular-weight (>300 u) PAHs in
environmental samples by HPLC-APCI-MS, where they observed different signal intensities of
protonated and molecular ions depending on the mobile phase.228 The maximum I[M+H]+/IM+●
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ratio is recorded in the presence of 100% of acetonitrile (ACN), and the ratio of I[M+H]+/IM+●
decreases when introducing or increasing the percentage of dichloromethane (DCM) in
ACN:DCM mixtures. In the presence of 100% DCM, an approximately 1:1 ratio of I[M+H]+ to
IM+● was observed.228 As ACN has a higher proton affinity (779.2 kJ/mol) compared to that of
DCM (628.8 kJ/mol), ACN can capture protons from background molecules mor easily, and
transfer protons to analytes with even higher proton affinities. The addition of water to ACN
decreased the relative intensity of [M+H]+ ions, concluding that water suppresses the proton
transfer reaction of ACN. This observation may be due to an increase in intermolecular
interactions between solvent molecules, thus, reducing the vaporization efficiency before
ionization. The effect of solvents, specifically chloroform (CHCl3), methanol (MeOH), and nhexane, on APCI-MS signal has been studied for PAHs and oxy-PAHs.203 The maximum
molecular ion signal was observed with chloroform and the maximum protonated ion signal is
observed with n-hexane as the solvent. The proton transfer reaction dominates in the presence of
n-hexane and methanol, and the molecular ion formation dominates in the presence of
chloroform as the solvent.203
In another study, APCI-MS of PAHs in three different organic solvents (isopropyl
alcohol (IPA), ACN, and MeOH) were each used with H2O at ratios of 9:1, 3:1, and 1:1,
(v/v).229 MeOH: H2O solutions were found to have the highest signal-to-noise ratios, with 3:1
(v/v) showing the best signal. For MeOH/H2O, all tested PAHs showed protonation instead of
molecular ion formation. This was suspected to be caused by MeOH having the lowest proton
affinity of the organic solvents chosen. The proton affinity, electron affinity, and gas-phase
basicity values of used solvents are listed in Table 1.1.
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4.1.4 Motivation for the current study
Confirmation of molecular composition of the synthetic monomer before polymer
synthesis is essential to ensure achieving desired products and to provide accurate reports in
resulting research articles. Achieving good ion signal intensity with improved S/N is critical in
accurate mass measurements. To do this, optimization of the ionization method and source
conditions is needed. Furthermore, contributing to the fundamental understanding of the effect
of source parameters and analyte structural features on ionization and I[M+H]+ /IM+● is important in
guiding the future selection of the best analytical tool (choice of ionization method) and
predicting the best operating parameters.
4.2

Experimental

4.2.1 Materials and sample preparation
The analyzed PAH perfluorocycloalkene monomers and their precursors (structures
shown in Figure 4.1) were provided by our collaborator Dr. Dennis Smith from Mississippi State
University. HPLC-grade solvents, water, methanol, glacial acetic acid, hexane, chloroform, and
dichloromethane, were used (Fisher Scientific, Waltham, MA).
PAH perfluorocycloalkene monomers were first dissolved in CHCl3 to produce a stock
solution and then diluted to a concentration of ~10-20 µM in 3/1 HPLC-grade MeOH/H2O.
Precursors were first dissolved in MeOH to produce a stock solution and then diluted to a
concentration of ~10-20 µM in 3/1 HPLC-grade MeOH/H2O. For the effect of the solvent
experiments, the stock solutions of ~1 mM of monomer H and E, were prepared in CHCl3, and
monomer R was prepared in MeOH and diluted with the corresponding solvent system to a
concentration of 20 μM. Thus, the v/v% of stock solvent in the final spray solution is less than
2%.
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4.2.2

ESI source parameters
For ESI experiments, spray solutions were introduced via direct injection using a syringe

pump (KD Scientific, Holliston, MA, USA) with a flow rate of 300.0 µL/h. ESI capillary voltage
was -4500.0 V. Nitrogen gas was used as both nebulization gas and dry gas. Nebulization gas
pressure was set to 0.4 bar. The dry gas flow rate, and temperature were kept at 4.0 L/min and
100 ℃ respectively.
4.2.3

APCI source parameters
For APCI experiments, spray solutions were introduced via direct injection using a

syringe pump (KD Scientific, Holliston, MA, USA) with a flow rate of 3000.0 µL/h, unless
otherwise noted. The accurate mass determination of PAH perfluorocycloalkene monomers and
bisphenol monomers was done using a common method. Specifically, the APCI capillary voltage
was set at -4000.0 V with corona discharge at 10.0 μA. Nitrogen gas was used as the
nebulization and dry gas. Nebulization pressure was set to 2.0 bar. Dry gas flow rate and
temperature were maintained at 4.0 L/min and 200 ℃, respectively. The vaporization
temperature was set to 400 ℃.
For solution flow rate dependence experiments, full scan mass spectra were acquired at
different solution flow rates in the range of 10.0 to 4,250.0 µL/h in steps of 250 µL/h. For
vaporization temperature dependence experiments, full scan mass spectra were acquired at each
different solution vaporization temperature in the range of 200 to 440 °C in steps of 20 °C. The
full scan mass spectra for investigating the effect of nebulization gas pressure on APCI signal
were collected at each different nebulization pressure in the range of 0.1 to 5.5 bar, in steps of
0.5 bar. For dry gas flow rate dependence experiments, full scan mass spectra were acquired at
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each different dry gas flow rate in the range of 1.2 to 4.0 µL/h, in steps of 0.5 µL/h. For dry gas
temperature dependence experiments, full scan mass spectra were acquired at each solution
temperature in the range of 50 to 325 °C, taken in 25 °C steps. The mass spectra were acquired
with 60 scans for the effect of source studies.
4.2.4

Mass spectrometry
Mass spectra were acquired on a Bruker micrOTOF-Q II mass spectrometer (Bruker

Daltonics, Bremen, Germany). This instrument is a high resolution reflectron TOF-type
instrument. For accurate mass measurements, the mass spectra were acquired with 120 scans in
the m/z range of 50-3000. Each mass spectrum presented represents the average of these 120
scans. The accurate masses were reported with four decimal places and the mass error was
calculated using Equation 1.1.
4.3
4.3.1

Results and discussion
ESI versus APCI signal intensity
It is worthwhile to consider the use of ESI for monomer characterization as ESI is a

common soft ionization technique. As some of the studied PAH perfluorocycloalkene monomers
contain a carbonyl group attached to PAH moiety, those monomers may have some potential to
be ionized and produce protonated ions in the electrospray ionization with sufficient intensity.
Figure 4.3a and Figure 4.3b show the ESI-MS and APCI-MS, respectively, of monomer
H (which contains a carbonyl group). Under normal ESI instrumental parameters, we could
obtain an ESI spectrum for monomer H with a relatively low signal intensity (~6x103 counts).
An APCI-MS spectrum with better signal intensity (~3x104 counts) for monomer H was
obtained at a higher flow rate of 3 mL/h and a higher vaporization temperature of 400 ℃. APCI
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produced the molecular ion (M+●), and the protonated ion ([M+H]+), whereas ESI only produced
the protonated ion.
Whereas the carbonyl-containing monomer H exhibited acceptable signal levels upon
electrospray ionization, monomer E (which lacks a carbonyl group) yielded unacceptable signal
levels upon electrospray ionization in either the positive or negative mode (data not shown).
Thus, APCI may be a more universal source for this type of compound, and APCI was used for
the remainder of this chapter.

Figure 4.3

The a) ESI-MS spectrum with 20 µM and b) APCI-MS spectrum with 10 µM of
monomer H
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4.3.2

The effect of solution flow rates on APCI-MS signal
In this section, the effect of solution flow rate on APCI signal intensity and stability is

reported. Monomer R is used as the representative study compound here. Figure 4.4a shows the
integrated intensity of [M+H]+ ion signal (m/z 363) of monomer R calculated from APCI-MS
spectra as a function of the solution flow rate, where each data point represents 60 averaged
scans. Here we used the integrated intensity of the protonated form as it was the predominant
form in the APCI-MS spectrum of monomer R in 3/1 MeOH/H2O. The ion signal of protonated
monomer R increases when increasing the solution flow rate as it enhances the amount of
protonated analyte in the ionization chamber per unit time. Figure 4.4a shows that the signal
intensity at flow rates around 4000.0 μL/h drops or starts to plateau, likely due to insufficient gas
flow and/or source temperatures to vaporize the analyte-containing solution droplets, amongst
other possible limitations. This is consistent with previously published results, as APCI is known
to be a mass flow-sensitive technique.230-232
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Figure 4.4

The flow rate dependence on APCI-MS ion signal. a) The integrated intensity of
the protonated ion of monomer R as a function of the solution flow rate. The error
bars show the absolute standard deviation of 60 scans. b) The relative standard
error of the [M+H]+ integrated peak intensity of monomer R calculated over 60
scans as a function of the solution flow rate.

In addition to achieving higher intensity, achieving a stable signal throughout the
acquisition time is useful in analytical measurements. Therefore, the stability of the APCI ion
signal at different flow rates was studied for monomer R by observing the behavior of relative
standard error of the integrated signal intensity throughout the acquisition time. Figure 4.4b
shows the relative standard error of the signal intensity as a function of the solution flow rate.
The relative standard error is obtained from the mean integrated signal intensity of [M+H]+ ion at
each scan (total of 60 scans per spectrum) of the extracted ion chromatogram. At a low flow rate
of 250.0 μL/h (which is typical for electrospray methods), the integrated signal intensity is 180
counts, and the relative error is 34%; however, when the flow rate is increased to 3000.0 μL/h
the signal intensity increases to 2380 counts, with a corresponding decrease in relative error to
4.7%. Thus, from our results, we can conclude that a stable ion signal with higher intensity can
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be obtained at flow rates in the range of 3000.0 to 3750.0 μL/h with a lower relative error of
3.0% (the average relative error of 3000.0, 3250.0, 3500.0, and 3750.0 μL/h).
However, the use of higher flow rates (3000.0 to 3750.0 μL/h) has several tradeoffs such
as instrument contamination, the strain on the pumping system, and increased consumption of
analyte and solvent.
4.3.3

The effect of vaporization temperature on APCI-MS signal
In this section, the vaporization temperature dependence of the APCI-MS signal intensity

for three monomers, H (with carbonyl group), E (with no carbonyl group), and R (a PAH
bisphenol with no carbonyl group) was studied. The vaporization temperature was the only
parameter that changed during the data collection while maintaining the other parameters
constant. Figure 4.5 shows how the integrated intensity of protonated ion (left panel), molecular
ion (middle panel), and the ratio of molecular/protonated ion (right panel) of monomer H (a-c),
monomer E (d-f), and monomer R (g-i) changes as a function of vaporization temperature.
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Figure 4.5

The vaporization temperature dependence on APCI-MS ion signal. The integrated
intensity of protonated ion (left panel), molecular ion (middle panel), and the ratio
of molecular/protonated ion (right panel) of monomer H (a-c) monomer E (d-f)
monomer R (g-i) as a function of vaporization temperature. The error bars show
the standard deviation calculated from three replicates.

Figure 4.5a shows that the integrated intensity of protonated ion of monomer H fluctuates
with vaporization temperature with only a slight possible positive correlation, and Figure 4.5b
shows that the molecular ion signal intensity increases when increasing the vaporization
temperature. Figures 4.5d, e, g, and h show that the signal intensity of both the molecular ion and
the protonated ion increases when increasing the vaporization temperature for the other studied
analytes. The increase in signal as a function of increasing vaporization temperature may be
explained by the formation of more desolvated gas-phase molecules and less large solvent
clusters with higher proton affinities (See the proton affinities of solvent clusters provided in
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Table 1.1). However, there is a limit to the temperature that can realistically be used because
analytes can be thermally degraded at elevated temperatures and instrument components have
optimal operating temperature ranges.
Figures 4.5 c and f (monomer H and E) show that IM+● /I [M+H]+ generally increases with
vaporization temperature, though it is quite noisy, suggesting that the formation of molecular ion
increases at a faster rate than the formation of protonated ion form with increasing temperature.
However, figure 4.5i shows that at lower temperatures IM+● /I [M+H]+ is greater than that of the
higher temperatures. However, at low temperatures, the error bars are quite large and for the
majority of the range, this value is rather flat and error bars are within the data point.
According to experiments, there is a general trend of higher ion signal at higher
vaporization temperatures (~400 ℃), though there are differences in the exact shape of the curve
and the relationship between molecular ion and protonated ion. Similarly, in the literature,
distinct vaporization temperature dependence trends were observed for six different PAHs where
the optimum ionization was reported at 420 ℃.224 As a conclusion, the APCI ion signal intensity
is generally improved upon increasing vaporization temperature (over the limited range tested
herein), though there are practical upper limits to the parameter.
4.3.4

The effect of nebulizer gas pressure on APCI-MS signal
This section focuses on studying the effect of nebulizer gas pressure on the APCI-MS ion

signal of the molecular and protonated ions of monomers H, E, and R, with the nebulizer gas
pressure as the only variable in this experiment. Figure 4.6 (a, d, and g) shows that the
maximum signal intensity of protonated ion form of monomer H, E, and R is observed at the
nebulizer gas pressure at 1.0, 1.5, and 1.5 bar, respectively (note that the step size was 0.5 bar).
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Figure 4.6 (b, e, and h) shows that the maximum signal intensity of the molecular ion form of
monomer H, E, and R is given at the nebulizer gas pressure of ~3.5 bar.
The maximum protonated ion signal was observed at lower nebulizer gas pressure (~1.5
bar), and the maximum molecular ion signal was observed ~2.0 to 3.5 bar of nebulizer gas
pressure for the species studied. At the higher nebulizer pressures (2.0 to 3.5 bar), it has been
suggested that the charge exchange reactions may facilitate the formation of molecular ions due
to the presence of an impurity gas, e.g., O2, with lower ionization energy.60 However, the ratio of
IM+● /I [M+H]+ of all three monomers is less than 1 throughout the nebulizer gas pressure range we
studied, implying that the proton transfer reaction is always preferred. Given that the task at hand
was to optimize the signal for accurate mass measurements the nebulizer gas pressure was kept
at 2.0 bar for our convenience, though 1.5 bar may be ideal for future analyses of similar
compounds.
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Figure 4.6

4.3.5

The nebulizer gas pressure dependence on the APCI-MS ion signal. The integrated
intensity of protonated ion (left panel), molecular ion (middle panel), and the ratio
of molecular/protonated ion of monomer H (a-c) monomer E (d-f) monomer R (gi) as a function of nebulizer gas pressure. The error bars show the standard
deviation calculated from three individual spectra.

The effect of dry gas flow rate on APCI-MS signal
The effect of dry gas flow rate on APCI-MS signal intensity of monomer H, E, and R is

reported in this section, with dry gas flow rate being the only variable. Figure 4.7 (left panel)
shows how the APCI signal intensity of the protonated form of monomer H(a), E (d), and R (g)
changes as a function of dry gas flow rate. Figures 4.7 (a, d, and g) show that the maximum dry
gas flow rate for protonated monomer H, E, and R was observed around 1.6, 1.5, and 1.5 L/min
respectively. Figures 4.7 (b, e, and h) shows how the intensity of molecular ion, which is in
general lower than the protonated form in all cases, changes for monomers H, E, and R. The
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maximum APCI intensity for the molecular ion of monomers H, E, and R is observed at a dry
gas flow rate of 1.5, 1.5, and 1.3 L/min respectively. Thus, under these experimental conditions,
the best dry gas flow rate for these monomers is ~1.5 L/min and this parameter is not likely to be
important for future tuning. Figures 4.7 (c, f, and i) show that the protonated form is the
predominant ion form in all three monomers, H, E, and R in the range of 1.0-4.0 L/min of dry
gas flow rate.

Figure 4.7

The dry gas flow rate dependence on the APCI-MS ion signal. The integrated
intensity of protonated ion (left panel), molecular ion (middle panel), and the ratio
of molecular/protonated ion of monomer H (a-c) monomer E (d-f) monomer R (gi) as a function of dry gas flow rate. The error bars show the standard deviation
calculated from three individual spectra.
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4.3.6

The effect of dry gas temperature on APCI-MS signal
This section focuses on studying the effect of dry gas temperature on APCI signal

intensities of the protonated and molecular ion of monomer H, E, and R, the dry gas temperature
being the only variable source parameter. Figure 4.8 (left panel) and Figure 4.8 (middle panel)
show that the intensity of protonated and molecular ion form of monomer H(a,b), E(d,e), and
R(g,h) fluctuates slightly with changing dry gas temperature. As the intensities of molecular and
protonated ion forms do not change meaningfully with dry gas temperature, tuning of dry gas
temperature is not crucial.

Figure 4.8

The dry gas temperature dependence on the APCI-MS ion signal. The integrated
intensity of protonated ion (left panel), molecular ion (middle panel), and the ratio
of molecular/protonated ion of monomer H (a-c) monomer E (d-f) monomer R (gi) as a function of dry gas temperature. The error bars show the standard deviation
calculated from three individual spectra.
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4.3.7

The effect of acidification of the spray solution on APCI-MS signal
In this section, the effect of acidification on APCI signal intensity, and the ratio of

protonated/molecular ion signal of two different PAH perfluorocycloalkene monomers with
(monomer H) and without (monomer A) a carbonyl group is reported. APCI-MS of monomer H
(Figure 4.9a) and monomer A (Figure 4.9c) shows that the signal intensity of [M+H]+ for
monomer H is ~10-fold higher than that of monomer A. This increase in protonated signal may
be due to the presence of a weak basic site, the carbonyl group (Table 1.2) in monomer H, which
is not present in monomer A. Both molecular ion and the protonated ion peaks can be observed
in both spectra.

Figure 4.9

APCI-MS spectra of a) monomer H and b) monomer A in 3:1 MeOH/H2O without
(top panels) and with (bottom panels) 0.05 % (v/v) CH3COOH
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Here, we hypothesized that the addition of acid into monomers H and A may increase the
intensity of the protonated peak compared to the intensity of the molecular ion peak. To
investigate more, both solutions were acidified with 0.05 % (v/v) of acetic acid and the
experiments were repeated to see the intensity ratio of protonated/molecular ion peaks (as well as
the absolute intensity of the protonated ion). Figure 4.9b and Figure 4.9d show APCI-MS
spectra of monomers H and A, respectively in an acidic solution. Figures 4.9a and b show that
there is a slight increment in the signal intensity of protonated peak, and Figures 4.9c and d show
that there is no obvious increment in signal intensity of protonated peak upon acidification.
To examine this more quantitatively, the integrated intensities of molecular ions (pink
columns) and protonated ions (blue columns) of monomer H are shown in Figure 4.10a and
those of monomer A are shown in Figure 4.10b. Figures 4.10a and 4.10b show that the signal
intensity of protonated ion has been increased by ~40% and ~7.7% upon acidification of
monomer H and A, respectively, but no change in the ratio of protonated/molecular ion intensity
upon acidification (Figure 4.10c). The I[M+H]+ /IM+● of monomer H and monomer A in acidified
(green columns) and non-acidified (cyan columns) conditions are shown in Figure 4.10c. Even
though we expected an increased ratio of protonated/molecular peaks (IM+H]+ /IM+●) upon
acidification, our results show that there’s no change in IM+H]+ /IM+● of monomer H and monomer
A upon acidification.
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Figure 4.10

The effect of acidification on protonated and molecular ion peak correlation of
monomer H (with carbonyl group) and monomer A (without carbonyl group). The
integrated intensity of molecular ion (pink column) and protonated ion (blue
column) of a) monomer H and b) monomer A shown. c) The ratio of the integrated
intensity of protonated over molecular ion peak in acidic (green) and non-acidic
(cyan) solutions are shown for monomer H and A.

4.3.8 The effect of solvents on APCI-MS signal
From Section 4.3.7, we determined that the I[M+H]+ /IM+● of monomer H does not change
upon acidification of the solution. In this section, the effect of the bulk solvent systems on
absolute ion signal intensity and the ratio of I[M+H]+/IM+● is investigated for monomers H, E, and
R. It was hypothesized that proton transfer and charge transfer reaction yields would be altered
in the presence of different solvent systems such as protic (MeOH, H2O), and aprotic (ACN,
DCM, CHCl3, and hexane) solvents depending on their proton affinity, electron affinity, and
ionization potential values. Solvents with lower proton affinity may undergo proton transfer (to
the analyte) reactions more readily, and with higher proton affinity may preferentially undergo
charge transfer reactions.53, 60 Given that water (691 kJ/mol) has a lower proton affinity than
MeOH (754 kJ/mol) and ACN (779 kJ/mol) it was hypothesized that the addition of water to
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MeOH and ACN will increase the proton transfer reaction compared to molecular ion formation.
Therefore, mixtures of H2O/MeOH and H2O/ACN were also studied.
Figure 4.11 (a-g) shows the APCI-MS spectra of monomer H (with carbonyl group) in
different solvent systems including MeOH (a), 3:1 MeOH: H2O (b), ACN (c), 3:1 ACN:H2O(d),
hexane (e), DCM (f), and CHCl3 (g). As a comparison of the APCI-MS spectra of monomer H in
pure MeOH and ACN, the formation of the molecular ion is much less intense in MeOH when
compared to in ACN. Both molecular ion and the protonated ion of monomer H can be observed
in hexane, DCM, and CHCl3, however, the absolute intensities and peak ratios are different in
each solvent system. Specifically, the absolute intensity of protonated ion of monomer H is ~10fold higher in hexane and CHCl3 than in DCM, and IM+● /I[M+H]+ ratio is greater in DCM when
compared to in hexane and CHCl3.
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Figure 4.11

APCI-MS spectra of monomer H in different solvent systems: a) MeOH b) 3:1
MeOH:H2O c) ACN d) 3:1 ACN:H2O, e) hexane, f) DCM, and g) CHCl3

Figure 4.12a shows how the integrated signal intensity of [M+H]+ ion and the M+● ion of
monomer H change depending on the solvent used. The proton transfer reaction for monomer H
dominates in all seven solvent systems and the maximum proton transfer (and maximum overall
signal) is observed in pure MeOH. The reason for this observation may be due to the higher
proton affinity of the monomer H when compared to protonated solvent molecules and solvent
clusters. The addition of water to MeOH decreases both molecular and protonated ion signals
may be due to lower vaporization efficiency when compared to pure MeOH. The addition of
water to ACN increases the signal intensity of both protonated ion and the molecular ion.
Figure 4.12b shows how the ratio of the integrated intensity of [M+H]+ (m/z 863.09) and
M+● ion (m/z 862.08) signal of monomer H change in different solvent systems. Figure 4.12b
134

shows that protonated form is the predominant ion form in all solvent systems, suggesting that
monomer H has higher proton affinity when compared to solvents. The maximum I[M+H]+/IM+●
ion signal ratio is observed in the presence of MeOH, and the minimum in ACN as the solvent.
This may be due to the aprotic nature of ACN and higher proton affinity. Hexane also shows a
higher I[M+H]+ /IM+● ion signal ratio when compared to other aprotic solvents.

Figure 4.12

Solvent dependent peak intensities of monomer H. a) shows the integrated
intensity of protonated (blue) and molecular ion (pink) peak of monomer H in
different solvent systems: MeOH (A), 3:1 MeOH:H2O (B), CAN (C), 3:1
ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). b) shows the ratio of the
integrated intensity of protonated (m/z 863.09) over molecular ion (m/z 862.08)
signal of monomer H in different solvent systems: MeOH (A), 3:1 MeOH:H2O
(B), ACN (C), 3:1 ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). The
standard deviation was calculated using three individual APCI-MS spectra in each
solvent. The green dash line indicates where I[M+H]+ = IM+●

The APCI-MS spectra of monomer E (with no carbonyl group) in MeOH, 3:1
MeOH:H2O, ACN, 3:1 ACN:H2O, hexane, DCM, and CHCl3 are shown in Figure 4.13(a-g),
respectively. The protonated ion form is predominant in MeOH, 3:1 MeOH:H2O, hexane, and
DCM; and the molecular ion is predominant in ACN, 3:1 ACN:H2O, and CHCl3. Among studied
solvents, ACN has the highest proton affinity (see Table 1.1) which hinders the proton transfer
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reaction. As monomer E does not contain a carbonyl group, the proton affinity of monomer E
may be lower than that of monomer H and the ACN or ACN clusters. This may be the reason for
having molecular ion as the predominant form in ACN for monomer E when compared to
monomer H.

Figure 4.13

APCI-MS spectra of monomer E in different solvent systems: a) MeOH b) 3:1
MeOH:H2O c) ACN d) 3:1 ACN:H2O, e) hexane, f) DCM, and g) CHCl3

Figure 4.14a shows how the signal intensity of [M+H]+ ion and the M+● ion of monomer
E change depending on the solvent used. Similar to monomer H, the maximum proton transfer
reaction (i.e., protonated ion signal) is observed in MeOH, which may be due to the analyte
having a higher proton affinity compared to MeOH. The addition of water to MeOH decreases
the overall intensity, possibly due to the introduction of a higher boiling point solvent lowering
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the vaporization of the solvent. The introduction of water to ACN has a negligible effect on
signal intensities of both molecular and protonated ion form, indicating that the addition of water
with a lower proton affinity is not sufficient to protonate monomer E, presumably having a lower
proton affinity than ACN. The formation of molecular ion reaction is mostly driven through the
radical ions, not through the protonated solvent nor protonated solvent clusters.53, 58 Figure 4.14b
shows how the ratio of the integrated intensity of [M+H]+ (m/z 821.08) over M+● ion (m/z
820.07) signal of monomer E in different solvent systems. Similar to monomer H results, the
maximum [M+H]+ /M+● ion signal ratio for monomer E is observed in the presence of MeOH,
and the minimum in ACN.

Figure 4.14

Solvent dependent peak intensities of monomer E. a) shows the integrated
intensity of protonated (blue) and molecular ion (pink) peak of monomer E in
different solvent systems: MeOH (A), 3:1 MeOH:H2O (B), ACN(C), 3:1
ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). b) shows the ratio of the
integrated intensity of protonated (m/z 821.08) over molecular ion (m/z 820.07)
signal of monomer E in different solvent systems: MeOH (A), 3:1 MeOH:H2O
(B), ACN (C), 3:1 ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). The
standard deviation was calculated using three individual APCI-MS spectra in each
solvent. The green dash line indicates where I[M+H]+ = IM+●
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The APCI-MS spectra of monomer R (PAH bisphenol monomer with no carbonyl group)
in different solvent systems are shown in Figure 4.15 (a-g). The protonated ion form is
predominant in every solvent system except in CHCl3. The absolute intensities of molecular and
protonated ions of monomer R in different solvents are shown in Figures 4-16(a-g). The
maximum proton transfer reaction is observed in MeOH and the minimum proton transfer
reaction is observed in hexane. The addition of water to MeOH decreased the proton transfer
reaction. The addition of water may have increased the formation of water clusters with higher
proton affinities that ultimately lower the proton transfer reactions. The addition of water to
ACN decreased the integrated intensities of both molecular ion and protonated ion. However,
Figure 4.16b shows that the addition of water to ACN increased the ratio of I[M+H]+ /IM+● in
ACN.
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Figure 4.15

APCI-MS spectra of monomer R in different solvent systems: a) MeOH b) 3:1
MeOH:H2O c) ACN d) 3:1 ACN:H2O, e) hexane, f) DCM, and g) CHCl3. The
peaks indicated with asterisks were observed in the blank APCI-MS spectra of
corresponding solvent (hexane, DCM, and CHCl3)
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Figure 4.16

Solvent dependent peak intensities of monomer R. a) shows the integrated
intensity of protonated (blue) and molecular ion (pink) peak of monomer R in
different solvent systems: MeOH (A), 3:1 MeOH:H2O (B), ACN(C), 3:1
ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). b) shows the ratio of the
integrated intensity of protonated (m/z 363.13) over molecular ion (m/z 362.13)
signal of monomer R in different solvent systems: MeOH (A), 3:1 MeOH:H2O
(B), ACN(C), 3:1 ACN:H2O (D), CHCl3 (E), DCM (F), and hexane (G). The
standard deviation was calculated using three individual APCI-MS spectra in each
solvent. The green dash line indicates where I[M+H]+ = IM+●

As a summary, MeOH, 3:1 MeOH: H2O, ACN, and 3:1 ACN: H2O were more
appropriate solvents for analysis of monomer H, E, and R. Overall, the best solvent was MeOH.
Among the other solvent systems, CHCl3, DCM, and hexane, the best ion signal for monomer H,
E, and R were in CHCl3, CHCl3, and DCM, respectively. These observations agree with
literature as specific correlations between protonation verses charge exchange reactions in the
presence of different solvents cannot be made60, 221, 228, 233 as these reactions are governed by a
combination of several parameters including proton affinities, relative gas-phase proton
affinities, basicity values, and ionization potentials of each molecular species including, solvent
molecules, analyte molecules, and other matrix components;53 with even further complications
arising from the possibilities of solvent cluster formation and other factors.
140

4.3.9 The positive versus negative ion mode APCI for PAH perfluorocycloalkene
monomers
The positive ion mode of APCI-MS spectra of monomers H and A in 3:1 MeOH:H2O are
shown in Figure 4.17a and Figure 4.17c, respectively. As mentioned in previous sections, in the
positive ion mode, both molecular and protonated ion forms are observed, protonated form being
the predominant ion form in the 3:1 MeOH: H2O solvent system for both monomers.
While all of the previous sections were conducted in the positive mode, here the
discussion is extended to include the negative mode. The negative ion mode APCI-MS spectra
for monomer H and A in 3:1 MeOH:H2O are shown in Figure 4.17b and Figure 4.20d,
respectively. In negative ion mode, for both monomers, the formation of M-●, [M-H]-, [M-2]-,
and [M-3]- were observed; [M-3]- being the predominant ion form for both monomers. The ion
form, [M-2]- observed may be due to the elimination of H● from deprotonated ion. Formation of
[M-2H]- has been previously observed for a hydroxy-PAH, 9-hydroxyfluorine analyzed by
HPLC coupled to APCI in negative ion mode.226 In another study, [M-2]- ion form has been
observed in negative ion mode APCI-MS of 1,4-hydroxyquinone due to the net loss of H● and
H+ via oxidative ionization.234 For monomer H, the negative ion mode absolute intensity of the
predominant ion is ~two-fold lower than the predominant ion of the positive ion mode, but for
monomer A, there is no such difference in the intensity. Given the relatively similar ion intensity
in positive and negative mode, either would likely be sufficient for accurate mass measurements,
though positive mode may be slightly favored.

141

Figure 4.17

APCI-MS spectra of monomer H in (a) positive and (b) negative mode ionization,
and APCI-MS spectra of monomer A in (c) positive, and (d)negative ion mode.
The solutions were prepared to a 20 μM in 3:1 MeOH:H2O. *Indicates peaks due
to the background, observed even for blank spectra.

4.3.10 The positive versus negative ion mode APCI for precursors
The APCI-MS spectra of two bisphenol monomers with no carbonyl group in the
structure, monomer P and R, are shown in Figures 4.18a and Figure 4.18c, respectively, along
with corresponding negative ion mode spectra shown in Figure 4.18b and 4.18d. In positive ion
mode, both molecular and protonated ion forms were observed. The protonated ion form is the
predominant form of ion in positive ion mode for these precursor molecules, similar to that of the
PAH perfluorocycloalkene monomers in 3:1 MeOH:H2O. In the negative ion mode spectra of
both monomers, negatively charged radical and deprotonated ions were observed. In contrast to
the corresponding PAH perfluorocycloalkene monomers, negative ion mode APCI-MS spectra
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of precursor monomers, P and R give deprotonated ion as the predominant ion form and H2 loss
(or 2 u loss, more generally) is not abundantly observed. Between positive and negative mode,
the signal intensities of the deprotonated ions are of the same order of magnitude, indicating that
either mode would be appropriate for accurate mass measurements.

Figure 4.18

APCI-MS spectra of monomer P in a) negative, and b) positive ion mode. APCIMS spectra of monomer R in c) positive, and d) negative ion mode. The solutions
were prepared to a 10 μM of each monomer in 3:1 MeOH:H2O. *Indicates peaks
due to the background, observed even for blank spectra.

APCI-MS spectra of two bisphenol precursor monomers with carbonyl group in the
structure, precursor monomers Q, and S are shown in Figure 4.19a and Figure 4.19b with a
comparison to negative ion mode APCI-MS spectra (Figure 4.19c and 4,19d). Similarly, to PAH
perfluorocycloalkene monomers, these precursors also show both molecular ion and protonated
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ion form in 3:1 MeOH:H2O in positive ion mode. The predominant form for monomer Q is the
molecular ion form, whereas the protonated form is the predominant ion form in monomer S. In
negative ion mode, the deprotonated form is the predominant in both monomers. As a
comparison of absolute intensities, negative ion mode intensity is at least 10-fold higher than
positive ion mode intensity. Thus, while positive mode gives adequate signal, for this specific
analyte structure, negative mode may be preferential.

Figure 4.19

APCI-MS spectra of monomer Q in a) positive and b) negative ion mode. APCIMS spectra of monomer S in c) positive ion and d) negative ion mode ionization.
The solutions were prepared to a 10 μM of each monomer in 3:1 MeOH:H2O. The
peaks labeled with asterisk near m/z 352 and 353 in Figure 4.22a are due to source
contamination as they are observed even in the blank spectrum. *Indicates peaks
due to the background, observed even for blank spectra.
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4.3.11 Accurate mass measurements and error calculation for PAH perfluorocycloalkene
monomers and precursors
Here, accurate mass measurements and error calculations for all monomers are made
based on APCI-MS spectra obtained for each monomer, using ionization conditions that worked
sufficiently well across all analytes studied. This was performed in support of a collaborator’s
characterization of synthetic products and has recently been published.216 The positive-mode
APCI-MS spectra for PAH perfluorocycloalkene monomer A-H are shown in Figure 4.20 (a-h).
The calculated mass error for molecular ions and protonated ions of the studied PAH
perfluorocycloalkene monomers (A-H) and bisphenol monomers (P-S) in positive ion mode are
listed in Table 4.1 including their exact (theoretical) and accurate (measured) m/z values. The
mass error was calculated according to Equation 1.1. The distribution of mass accuracy of
protonated ion (blue x) and molecular ion (solid red dot) of each of the PAH
perfluorocycloalkene monomers (A-H) and PAH bisphenol monomers (P-S) is shown in Figure
4.21.
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Figure 4.20

APCI-MS spectra of a) monomer A, b) monomer B, c) monomer C, d) monomer
D, e) monomer E, f) monomer F, g) monomer G, and h) monomer H in 3:1
MeOH:H2O in positive mode ionization. The concentration of each monomer is 10
µM.
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Table 4.1

Mass list and calculated error for PAH perfluorocycloalkene and PAH bisphenol
monomers

Monomer
name
A
B
C
D
E
F
G
H

P
Q
R
S

Ion form

Exact m/z

Accurate m/z

PAH perfluorocycloalkene monomers
[M+H]+
721.0848
721.0845
M+●
720.0770
720.0777
+
[M+H]
737.0797
737.0772
+●
M
736.0719
736.0712
+
[M+H]
747.1005
747.0953
+●
M
746.0926
746.0869
[M+H]+
763.0954
763.0913
+●
M
762.0876
762.0852
+
[M+H]
821.0785
821.0773
+●
M
820.0706
820.0712
+
[M+H]
837.0733
837.0707
M+●
836.0656
836.0625
+
[M+H]
847.0941
847.0907
+●
M
846.0863
846.0831
+
[M+H]
863.0890
863.0934
+●
M
862.0812
862.0861
PAH Bisphenol monomers (Precursors)
[M+H]+
337.1229
337.1239
+●
M
336.1150
336.1160
+
[M+H]
353.1177
353.1134
+●
M
352.1099
352.1087
+
[M+H]
363.1385
363.1391
M+●
362.1307
362.1317
+
[M+H]
379.1334
379.1328
+●
M
378.1256
378.1265

Error (ppm)

-0.416
0.972
-3.392
-0.951
-6.960
-7.640
-5.373
-3.149
-1.461
0.732
-3.106
-3.708
-4.014
-3.782
5.098
5.684
2.966
2.975
-12.177
-3.408
1.652
2.761
-1.583
2.380

Almost all the monomers lie within the target mass accuracy range of 5 ppm error except
for monomer C, perhaps due to the presence of impurity peaks adjacent to corresponding peaks
in APCI-MS spectra of monomer C (See Figure 4.20c). Better results may be achieved by using
a highly purified sample, though this was not tested.
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According to the mass errors for molecular ions listed in Table 4.1, monomer E has the
smallest error of 0.732 ppm. With the exact mass and the calculated mass error, monomer E can
still have 98 different molecular formulas with the composition in the range of C (0-50), H (0100), O (0-20), N (0-20), and F (0-20), if the sample may contain C, H, O, N, and F.235 The
number of available molecular formulas was predicted using a web tool called “Chemcalc” that
requires types of elements and number of elements available in the structure as input data.235
According to our collaborators, the monomer E should be composed of only C, H, O, and F.
Under these conditions, the possible number of molecular formulas is narrow down to only six,
in the selection of chemical composition in the range of C (0-50), H (0-100), O (0-20), and F (020).235 This range of possibilities becomes even greater when potential isomers are considered.
Thus, while the errors reported herein were sufficient to support the assigned chemical
structures, they are by no means enough to independently confirm them, hence them being one
of multiple characterization methods used overall.216

Figure 4.21

Mass accuracy distribution of protonated ion (blue x) and molecular ion (red dot)
of each PAH perfluorocycloalkene monomers (A-H) and precursors (P-S)
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4.4

Conclusions
In this study, the application of APCI-MS for the characterization of PAH

perfluorocycloalkene monomers and their precursor monomers were studied. One of the major
goals of this project was to measure the accurate mass of synthetic monomers with publicationquality mass accuracy, which was achieved and published. The other goal was to study the
effects of solution flow rate, various source parameters (including vaporization temperature,
nebulizer gas pressure, dry gas flow rate and dry gas temperature), acidification, solvent systems,
and positive versus negative mode on APCI-MS signal intensity. It was found that acidification
and dry gas flow rate and temperature were relatively unimportant. The other parameters such as
solution flow rate, vaporization temperature, and nebulizer gas pressure, affect the APCI-MS
signal intensity. One of the advantages of APCI-MS over ESI-MS is that all monomers and
precursors were ionizable, with good signal intensity, and both the molecular ion and the
(de)protonated ion can typically be observed in APCI-MS, which substantiates the chemical
formula. However, when compared to general operating conditions of ESI (300 μL/h), APCI
requires around 10 times higher solvent flow rates to give a stable signal. Thus, higher solvent
and analyte consumption may result in contamination of the instrument and would be less than
ideal in cases where analyte availability is limited. In positive ion mode, M+● and [M+H]+ peaks
were observed in APCI-MS spectra of both PAH perfluorocycloalkene and PAH bisphenol
monomers. In negative ion mode, M-• and [M-H]- were observed in APCI-MS of PAH bisphenol
monomers, [M-H]- peak being the predominant ion form. APCI-MS spectra of
perfluorocycloalky monomers in negative ion mode contained M-●, [M-H]-, [M-2]-, and [M-3]-,
[M-3]- being the predominant ion form.
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These results show that APCI-MS is useful for ionizing moderately polar compounds,
measuring accurate mass across the entire set of analyte species considered here, and requires
tuning of the source parameters for optimizing the signal intensity on a case-by-case basis.
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS
The major focus of this dissertation was to characterize small molecules and ions,
specifically commercially available IL cations, hydroxyproline isomers, and synthetic
monomers, using mass spectrometry (MS). A uniting theme was a focus on using different
ionization sources (ESI and APCI) and charge carriers (fixed charge, H+, and Li+) to facilitate the
successful analysis of the desired compounds. In two of the three projects, structural
characterization was carried out using collision-induced dissociation (CID) and complementary
computational chemistry was performed to gain a better understanding of those dissociation
pathways. Here, each chapter is summarized, and potential future directions of each chapter are
listed. Finally, the impact of this dissertation is briefly described.
5.1

Chapter II summary and future directions
In Chapter II, commercially available IL cations, specifically imidazolium-based IL

cations with different side-chain chemistries, were characterized by CID-MS. We found that the
imidazolium-based IL cations have diverse dissociation pathways depending on the nature of the
side chain (aliphatic or aromatic), or the functional groups (allyl, vinyl, alcoholic, methoxy,
nitro) present as/on the side chain. It was concluded that as a general trend, cations with
saturated aliphatic side chains undergo charge retention fragmentation via loss of hydrocarbon
side chain, whereas the aromatic substitutions undergo charge migration fragmentation via loss
of the imidazole as the predominant channel. The introduction of unsaturation into aliphatic side
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chain yields additional dissociation channels, and incorporation of heteroatoms into side chains
yields specific neutral losses such as H2O, NO, and NO2, depending on the functional group
available. Based on complementary computational chemistry, the theoretical thermodynamic
shows that most of the dissociation pathway observations can be sufficiently described
thermodynamically. Additionally, in this study, it was observed that some IL cations undergo insource thermal degradation under normal operating temperatures of electrospray ~275 °C. The
onset gas-phase decomposition temperatures of 1-benzyl-3-methylimidazolium and 1-(2hydroxyethyl)-3-methylimidazolium were determined. This measurement is interesting, as it
allows the inherent thermal stability of the cation, with no effect of the bound anion, to be
investigated.
These results provide a promising foundation that could allow this project to be further
extended in diverse directions. The unimolecular dissociation pathways of other IL cations such
as piperidinium and pyrrolidinium cores with different side chains can be characterized. The
thermal degradation and the onset of decomposition temperatures of additional imidazolium IL
cations can be investigated to determine their thermal stabilities and to investigate the meaning
of these results in the context of various applications. Understanding the dissociation pathways
of IL cations is important in differentiating isomeric cations, identifying unknown/novel
structures, and understanding the fate of the clusters and cations ejected from spacecraft
thrusters, amongst other applications. Additionally, given that in this study we found that some
positional isomers (specifically here 1-butyl-3-methylpyridinium, 1-butyl-2-methylpyridineium,
and 1-butyl-4-methylpyridinium) cannot be differentiated by CID experiments, the need for
complementary analytical tools is clear. One such tool could be ion mobility spectrometry (IMS).
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5.2

Chapter III summary and future directions
In Chapter III, a previously noted difference152 in the laser-induced dissociation (LID) of

lithiated hydroxyproline positional isomers was explored. First, CID -MS experiments for
lithiated c3hPro and c4hPro were conducted to see whether LID results are consistent with CIDMS experiments. From these CID experiments, we observed that the CID-MS spectrum of
[c4hPro+Li]+ does indeed differ from that of [c3hPro+Li]+. Specifically, CID-MS of
[c4hPro+Li]+ shows three primary fragmentation pathways, namely the neutral losses of H2O,
CO, and CO2, with CO loss being more favorable than CO2 loss; whereas CID-MS of
[c3hPro+Li]+ shows only loss of CO2 in this same region. These results were consistent with the
previous LID-MS results.
To explain these experimental results, theoretical thermodynamics and kinetics for the
losses of H2O, CO2, and CO from [c3hPro+Li]+ and [c4hPro+Li]+ were then studied. Our results
show that the experimental observations can be described by transition state calculations, and
major reaction paths are kinetically controlled. The activation barriers for loss of H2O, CO, and
CO2 in [c3hPro+Li]+ are 225.94, 192.50, and 306.66 kJ/mol, respectively. Therefore, loss of CO
is the kinetically favorable pathway, which is consistent with the experimental observation of it
as the predominant loss channel for [c3hPro+Li]+. The activation barriers for major dissociation
pathways for loss of H2O, CO, and CO2 in [c4hPro+Li]+ are 220.04, 308.37, and 158.45 kJ/mol,
respectively. Thus, the loss of CO2 is kinetically favorable, consistent with it being the
predominant channel observed in the experimental data for [c4hPro+Li]+. Thus, in general, the
theoretical transition state calculations agree with the experimental results.
These results provide useful data for better understanding the fundamentals of modified
amino acid dissociation when adducted with a metal cation, including differences between
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closely related isomers. This aspect of the project could be extended in the future to include
transition state calculations for other pathways. Specifically, for example, pursuing an
explanation for some other major differences observed in energy-resolved curves of
[c3hPro+Li]+ and [c4hPro+Li]+. For instance, [c3hPro+Li]+ yields m/z 70 ions as the
predominant channel via loss of CO2 + LiOH, whereas [c4hPro+Li]+ yields m/z 68 as the
predominant channel via loss of CO2 + H2O + LiH.
Furthermore, this shows that CID-MS of lithiated hydroxyproline isomers may be a
useful approach to analytical characterization and differentiation between the two isomers. A
similar approach may also be useful for other isomers with multiple chiral sites, but that is yet to
be determined.
5.3

Chapter IV summary and future directions
In Chapter IV, the accurate mass of synthetic monomers including bisphenol monomers

and PAH perfluorocycloalkylated monomers were measured and reported with publicationquality mass accuracy using APCI-MS. Additionally, the effect of solution flow rate, ionization
mode, source parameters (such as vaporization temperature, dry gas temperature, and flowrate,
nebulizer gas pressure), acidification, and solvent systems (such as MeOH, 3:1 MeOH:H2O,
ACN,3:1 ACN:H2O, hexane, DCM, and CHCl3) on APCI-MS signal intensity was studied.
One of the advantages of APCI-MS over ESI-MS is that all monomers and precursors
were ionizable, and both the molecular ion and the protonated ion can be observed in APCI-MS,
which substantiates the chemical formula. One of the disadvantages of APCI-MS is that APCI
requires around 10 times higher solvent flow rates when compared to general operating
conditions of ESI (300 μL/h), to achieve a stable signal.
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Ion formation for PAH perflurocycloalkyl monomers and their precursor monomers
depends on the ionization mode. In positive ion mode, M+• and [M+H]+ peaks were observed in
APCI-MS spectra of both PAH perfluorocycloalkyl and precursor monomers. In negative ion
mode, M-• and [M-H]- ion forms were observed in APCI-MS spectra of precursor monomers and
M-•, [M-H]-, [M-2]-, and [M-3]- ions were observed in APCI-MS spectra of PAH
perfluorocycloalky monomers.
It was found that acidification, and dry gas flow rate, and dry gas temperature were
relatively unimportant on APCI-MS intensity. The other parameters such as solution flow rate,
vaporization temperature, nebulizer gas pressure, and flow rate should be carefully tuned for
optimizing APCI-MS signal intensity. These results show that APCI-MS is useful for ionizing
moderately polar compounds, measuring accurate mass across this entire set of analyte species,
and requires tuning of the source parameters for optimizing the signal intensity on a case-by-case
basis.
In future studies, the effect of solvents, and other source parameters can be carefully
tuned for the rest of the monomers on a case-by-case basis for getting an optimized APCI-MS
signal. For further characterization, CID-MS experiments and thermodynamic calculations for
gas-phase unimolecular dissociation pathways can be carried out to confirm the molecular
structure of investigated monomers and to learn more about their gas-phase dissociation
behavior. Energy-resolved experiments can be carried out to determine the dissociation
thresholds of monomers for investigating their stability.
5.4

Overall summary and impact
Looking at this body of work as a whole provides insight into the characterization of

small organic species with different polarities using mass spectrometry. This work extends our
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knowledge in diverse aspects such as selection of the appropriate ionization method,
understanding dissociation pathways, and isomer differentiation using CID-MS. A fundamental
understanding of the dissociation pathways is important to predict the dissociation products of
closely related compounds. This work is beneficial not only for the mass spectrometry
community but also for the field of spacecraft propulsion, metabolomics, and organic chemistry.
For instance, the spacecraft community will take the advantage of selecting appropriate
electrospray propellants candidates based on CID and thermal degradation studies. And the field
of metabolomics take the advantage of amino acid isomer separation using CID studies with
metal ion adduction.
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